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“VITAMIN-FREE” 
TEST CASEIN 


for Biological Procedures 


In nutritional experimentation the type of protein used may well be 
the most important dictary factor. When “ Vitamin-Free’’ Test 
Cascin GBI is the protein of choice in the deficiency diet, uniform 
and consistent depletion of test animals occurs well within the re- 
quired time interval specified by the U.S.P. or other methods. 

‘’ Vitamin-Free’’ Test Casein GBI is prepared by several hot-alcohol 
extractions designed to remove both fat and water soluble vitamins. 
It is therefore biologically free of vitamins A and D as well as the 
B complex vitamins including vitamin B,, and vitamin K. Biological 
tests are run at significant intervals to assure consistent and satis- 
factory results. Each lot bears a control number for identification 
purposes. *‘ Vitamin-Free’’ Test Casein GBI has been preferred by 
hundreds of laboratories for over 20 years. 

‘Vitamin-Free’’ Test Cascin GBI is available for immediate ship- 
ment in § Ib., 25 Ib., 100 Ib. and 250 Ib. fibre drums. 


Write for GBI Bulletin 15 entitled, “Biological Test 
Diets for Experimental Animals”. This Bulletin de- 
scribes in detail a wide range of prepared diets in which 
GBI “Vitamin-Free" Test Casein is the protein source. 
Included are formula suggestions for diets deficient in 
vitamins, minerals and other factors. Ingredients for 
standard salt mixture formulas are also presented. 
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485 NEW PYREX’ items 
plus all the other labware you need 
are listed in this new catalog 


What you see in the picture is just of the 


for 
The 485 new items join some 9,000 others— 


Zene............ State. 


. - - the tested tool of modern research 
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(left to right) Serological Pipette, Long tip, double bevel! ground fer strength (#7064), Werburg Flask, 
Single side orm (#5530); Tissue Culture Tube, with flet window, screw cop (#9631); Culture Tube, Non- 
tonic rubber cop (*9621); Centrifuge Tube, Micro, Plein with cylindrical bottom (#8090); Petri Dish, 
LIFETIME RED grid on exterior of bottom (#3165). 
CORNING GLASS WORKS } 
63-10 Crystal Street, Corning, New VYeork 
a detailed atalog TC Please send me the NEW, complete laboratory 
first time, you'll find specifications on both | Giesswere Cotoleg, 
standard and custom ware between the covers |! 
of a single volume. 
There are 348 pages, color-coded so you can 
quickly locate and identify what Title... ns | 
the 
the Pyrex lab glassware you're | e ; 
already familiar with, from your 
lab supply om. Atel 
and send it on its way. We'll do | - 
the rest. | 
PYREX® tiaboratory ware 


The Pyrophosphate of Thiamine that 
has been observed to catalyze the oxyda- 
tive decarboxylation of keto acids and 
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Discovered by Dr. David G. 
and associates at Oak Ridge, AET is 
now offered in commercial by 
Schwarz Laboratories and as for 
clinical investigation (ANTIRADON). 


AET is administered prior to exposure 
to lethal radiation. Similar effects have 


Weite fer detailed information, literature references end prices. 
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diabetic coma and acidosis, pregnancy 
and infantile toxicoses, acetonaemic 
vomiting, preeclampsia, eclampsia and 
severe cardiac and circulatory decom- 
pensation. Cocarboxylase will result in 

Recent investigations have shown that _the lowering of the pathologically in- 

a number of diseases are accompanied creased pyruvic acid level. 

by an increased pyruvic acid level, e.g. 

Wette ter detailed information, Werature references end prices. 
been shown on monkeys. Studies on ) 
humans are being conducted currently. 
The protection provided by AET is be- 
lieved to result from the formation of 
free sulfhydryls “in situ” that combine 
flensive experiments on mice nave with and detoxify free radicals. This 

shown markedly enhanced survival when property provides possibilities for other 
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Now you can 


Plus a selection of more than 
160 different C* compounds in 50 microcurie 
AEC license exempt quantities 


NUCLEAR-CHICAGO 
ELIMINATES RADIOCHEMICAL DELAYS, 
RED TAPE, AND UNCERTAINTIES 


Now, for the first time anywhere, Nuclear-Chicago offers you convenience 
and service in radiochemical compounds unequalled in the nucleonic field. 
We guarantee 24 hour shipment on most C“ reagents, ship all compounds by 
air prepaid, give liberal discounts on quantity purchases, and offer hundreds 
of research quality C, S*®, and P® compounds—many in license exempt 
50 microcurie quantities. 


MANY NEW COMPOUNDS OFFERED 


Complete list of Nuclear-Chicago RESEARCH QUALITY reagents includes 
42 new Carbon-14 compounds (including labelled steroids, progesterone 
and testosterone at high specific activity and sugars labelled in various posi- 
tions), 47 new Sulfur-35 compounds and 35 new Phosphorus-32 compounds. 


WHAT IS “RESEARCH QUALITY’’? 


We have always served you with radiochemicals of exceptionally high qual- 
ity. Out of thousands of shipments over the past five years, we have been 
questioned on quality only six times ... and only three of those questions 
were found to be justified. Through painstaking analysis and re-analysis we 
have succeeded in raising our standards of purity still higher. Now, all 
Nuclear-Chicago radiochemicals are labelled "RESEARCH QUALITY” .. . 
your guarantee against impurity-induced errors in your research. 
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rushed 
to you by 
PREPAID AIR 
SHIPMENT 
within 
24 hours 


nearly 200 
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compounds 


QUALITY CONTROL FOR NUCLEAR-CHICAGO 
“RESEARCH QUALITY” REAGENTS 


We have continued our policy of providing chemical items only from our own 
laboratories or from the Radiochemical Centre, Amersham, England. This 
policy gives us absolute control over quality and purity and guarantees 
against delays caused by the prevalent practice of printing 
an “availability list" and depending on miscellaneous sup- 


NEW DISCOUNT SCHEDULE Researcp 


you order larger amounts of material. When you 


This new discount schedule provides substantial savings to you, even at the 
one-millicurie level. 


WRITE FOR NEW PRICE LIST, NEW CATALOG 


Write TODAY for the complete new C“, S*® and P® Radiochemical Price 
Schedule "‘C”’ listing guaranteed delivery dates, license exempt compounds and 
quantity discounts of each RESEARCH QUALITY compound. You will also 
be interested in the new Nuclear-Chicago Catalog “Q” giving complete 
specifications and performance information on our newly-designed line of 
precision radiation measuring instruments. Just ask for it. 


nuclear - chicago 


co # GO fA a TF Qo 


267 WEST ERIE STREET + CHICAGO 10, ILLINOIS 
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A Portion of the 
SIGMA REAGENT CATALOG 


One of a series of advertisements which will reproduce the complete list. 
Complete list available promptly on request. 
Other package sizes shown in complete catalog. 


J YDRO.-2 4-DIH YDROX Y- 

PYRIMIDINE-—Sce Dibydro uracil 
DIHYDRO DIPHOSPHOP YRIDINE me 42.00 
00 NUCLEOTIDE Disodium, Sigma (DPNH) 280 me 23.00 | 
From Yeast. Approx. 90-95% pure luo me 10.05 


| 4,6-DIAMINO.2-HYDROXY- 
PYRIMIDINE SULFATE (ete) 
4,5-DIAMINO-6-HYDROXY 
PYRIMIDINE (pfs) 
4,5-DIAMINO-6- ROXY-2-THIO- grams 


4,5-DIAMINO-2,6-DIHYDROXY gram 2.00 ICHLORO-S-NITROP YRIMI- gram 3.50 
PYRIMIDINE ‘SULFATE ) grame 4.25 (pte) Wegrams 32.50 
TIRIMIDINE SULPATE (ote) «6.25 24-DIC ROPYRIMIDINE (pfs) teram 3.00 
XYPYRIMIDINE ) 4 ,6-DICHLOROP YRIMIDINE (pfs uire 
2,4-DIAMINO-6-HYDROXY-S- DIETHOX YP YRIMIDINE 3.75 
NITROSO-PYRIMIDINE YDRODEOX YURIDINE ) 25 me 9.00 
6) YDRO-2 4-D 
| METH YL-PYRIMIDINE— see Dinydrothymine 
YDRO2 -DIH YDROX Y-6- 
PYRIMIDINE SULFATE (pfs) METH YL-P IDINE—See Dihydro methy! uracil 


PYRIMIDINE SULFATE (pfs) 10 grame fite ree. Prepared Earymatically. Pre- oO mg 6.70 
PYRIMIDINE SULFATE (pts) weighed Vials. 25 mg 4.530 
PYRIMIDINE grame 0.2 mg Viel-Stock No. 40-2 10 vials 2.50 
don gram 1 mg Vial- Stock No. 340-101 10 vials 6.00 
IDIN B (pte) 2 mg Vial-Stock No. 340-102 10 vials 11.00 
NO-6-METHYL-2-THIO- 60 we IMPORTANT! 

INO-S-RITROPYRIMIDINE 

gram No refrigeration needed! Just keep desiccated and dark. 

4,6-DIAMINO-S-NITROSO-2-THIO- 1 gram DIH 


PYRIMIDINE ) § grame 


DINYDRO-6-METHYL URACIL (pfs) ‘seam 8.00 


2 ,3-DIAMINO ACID HBr 1 gram 
(DL) ( (Se 25 grams 22.50 
2 ,6-DIAMINOPURINE SULFATE (pfs) gram 2.50 4,5-(S ,6)-DIH YL URACIL Dihydrothy- 

"S-DIAMINOP YRIMIDINE (pfs) 1 gram $5.00 mine 
4 INO-2-THIO-6-H YDROX Y- 5 7.50 See | 
PYRIMIDINE SULFATE (pfs) Seum 31.25 DIH YDROTH YMIDINE (pfs) some 50.00 
4,5-DIAMINO-2-THIOPYRIMIDINE 500 mg 8.00 DIH YDROTH YMINE (pfs) Werams 10.00 
4 ,6-DIAMINO-2-THIOP $-methy! 2.4-dihydropyrimidine | 
“(pfs) DIHYDRO URACIL (pts) 5.00 
DIAPHORASE, Crude 10 12.00 ‘Se 2,4 dihydrouypyrimidine) grams 

2 4-DICHLORO-6-METH YL-S- 1 6.00 (Syrup containingappros. 3% 

NITROPYRIMIDINE (pfs) DIHYDROXYACETONE (pfs) 
2,6-DICHLORO-7-METHYLPURINE iigram 25.00 2,6-DIH YDROXY-4-AMINO-S-NITROSO- 
) 5.00 PYRIMIDINE—See nit- 
3.00 rosopyrimidine 
25.00 2,4-DIH YDROXY-6-METHYL-S- Sgrams 10.00 
3.00 NITROPYRIMIDINE (pfs) (s-Nitro«- 
25.00 methy! Uracil) grams 37.50 
TELEPHONE COLLECT from anywhere in the world—Day, Station to Sta- 
tion, PRospect 1-5750—Night, Person to Person, Dan Broida, WY¥down 3-6418 
The Research Lebeoratorics of 
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SPECIAL BULLETIN 


We are pleased to announce 

the first complete offering of: 

DEOXY ADENOSINE-5 -MONOPHOSPHATE 
DIPHOSPHATE 
TRIPHOSPHATE 


DEOXY CYTIDINE-5 -MONOPHOSPHATE 
DIPHOSPHATE 
TRIPHOSPHATE 


DEOXY GUANOSINE-5 -MONOPHOSPHATE 
DIPHOSPHATE 
TRIPHOSPHATE 


THYMIDINE-5 -MONOPHOSPHATE 
DIPHOSPHATE 
TRIPHOSPHATE 


As Sigma was the first in the world to prepare and offer truly high purity 
Ribonucleotides, it is only fitting that we should be the frst to prepare 
and offer the Deoxy counterparts. 

Pending refinements in methods, supplies will be limited. Each item will 
be offered as the available Salt. 


Clinical laboratories please note: 
Rare reagents such as the above are vital to fundamental medical re- 


search. Your support of Sigma is of great help in maintaining our pro- 
gram as the world’s leading producer of truly fine biochemicals. 


TELEPHONE COLLECT from anywhere in the world—Day, Station-to-Sta- 
tion, PReepect 1-5750—Night, Person-to-Person, Dan Broida, WYdown 3-6618 


The Reeearch of 


SIGMA 


CHEMICAL COMPANY 


3500 DEKALS ST., ST. LOUIS 18, MO., U. $. A. 


MANUFACTURERS OF THE FINEST BIOCHEANCALS AVAMABLE 
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METTLER 
BALANCES 


METTLER SINGLE PAN, READ- 


ING BALANCES ple of 
bination with efficient damping t-in "othe, 
and optical tation of the result. 


For analytical work of maximum accuracy, 
the B series and the unique M-5 model overcome 
tedium and uncertainty in important sample 
preparation. 

For bulk weighing, packaging, 
weight conformity inspection other tasks 
requiring medium accuracy, the K series plat- 
form type fulfill a comparable purpose. 

For weighings of sub-analytical nature in 
industry, teaching, etc., the new H series covers 
the range between the B and K series. They in- 

te features of both, i.e. total enclosure 


reference weights by means of 
scale as in the K series. 


ne dy vided for in the B and H series 
and in models of the K series. 


ANT Co. Copecty within, 

(at. te. Medel proms optical ole Prue 
renge 

1867-3 | 1-5 200 gms | + 0.05 mg 115mg | 89500 

| BG 100 gms | +-0.02 mg 115mg | 995.00 

ISSS-M | M-5 20 gms | +0002 mg | 20mg | 1,380.00 
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ARTHUR H. THOMAS COMPANY 


More and more laboratories rely on Thomas 


Laboratory Apparatus and Reagents 
SY. AT SRO 


soar 2 


neta 


for immediate 8-5 r 
shipment 
from our 
stock 
M-5 
H-3 
and m weight mani on as in the 
series, and reduction in number of individual ™ + 
| 
| HS | 160gms| +10mg | 1200 mg 
ISS7-H | H4 | 160gms| 205mg | 1200mge | “ 
| HS | 160 gms | | 120mg | 
1924-B | K-5 | 2000gms| +02 gms | 1000gms| 465.00 
1924-B | K-7_| S00 gms | gms | 
1924-0 | K-ST | 2000 gms | +0.2 gms | 1000 gms) $3500 
* Accuracy beyond the optical ecale range limited to Clam K-5 i 
tolerances of weights incorporated. p 
| a 
j 
x 
| 
t! 


Previous investigators (1, 2) have observed that yeast grown 
in a medium that is deficient in the B vitamin, biotin, ferments 
glucose at much slower rates than that grown in a medium 
containing optimal amounts of this vitamin. These workers 
were able to stimulate carbon dioxide production from glucose 
and fructose by the addition of as little as | yg. of free biotin. 
More recently (3), it has been demonstrated that the hexokinase 
activity of cell-free extracts from biotin-deficient yeast is much 
more diminished than that of extracts from cells grown under 
optimal conditions. However, these investigators were unable 
to stimulate the activity of hexokinase in these preparations 
by the addition of biotin, and therefore the site of bietin action 
in carbohydrate fermentation was still undetermined. As we 
were initially unable to obtain from biotin<leficient cells the 
extracts whose glycolytic activity could be stimulated by biotin, 
we first investigated the carbohydrate metaboliem of biotin- 
deficient yeast dried in air at 35°, as described by Meyerhof (4). 
By the use of manometric and spectrophotometric techniques 
we have been successful in stimulating the rate of glucose and 
fructose fermentation and the hexokinase activity of air<diried 
cells of biotin-deficient yeast. The activity of these dried 
preparations on the phosphorylated hexoses is not increased 
in the presence of biotin. Upon delineation of the conditions 
affording maximal biotin stimulation in the dried cells, it was 
found that the hexokinase activity of cell-free extracts prepared 
from these dried cells could be stimulated by free biotin. Utiliza- 
tion of the phosphorylated hexoses is unaffected by the addition 
of biotin. 


EXPERIMENTAL 


The organism used was Saccharomyces cerevimac, Flemshmann 
strain 130. It was grown in the medium of Snell « al. (5) 
modified by the addition of 100 pg. of nicotinic ackl, 20 yg. 
of p-aminobenaoie acid, 2 mg. of pt-aspartic ackl and 5 gm. 
of vitamin-free Casamino ackis (Difeo) per liter. The final 
biotin concentration was adjusted te 2.5 10° wg. per mi. 
Cultures were grown for 18 hours at 32°, harvested by centrif- 
ugation, and washed three times with distilled water. The 
washed cells were air dried at 35° by the metheo« of Mewverhof (4). 

Cell-free extracts were prepared in a Raytheon 10 ke. sonic 
oscillator (3) and in a Nossal disintegrator (6). Extracts 
prepared in the Nossal apparatus were made from beth fresh 
and air-dried veast, with the use of Ballotini beads as the abra- 
sive agent. Intact cells and debris were removed by centrifuga- 
tion at approximately 20,000 x g for 20 minutes at 3. 

Carbon dioxide production was measured manormetrically 

* This investigation wa« supported by Grant No. G-2890 from 
the National Science Foundation, Washington, D.C. 
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at 37° with 95 per cent N-5 per cent CO, as the gas phase. 
Substrate and cofactors were added from the side arm to initiate 
the reaction. Biotin, when added, was preincubated for 30 
minutes with the cell suspension in the main compartment. 

TPN reduction was measured at 340 my with a Beckman 
model DU spectrophotometer and silica cuvettes of 1 em. light 


path. 
Phosphoglucose isomerase was measured by the method of 
Alvarado and Sols (7). 
Protein determinations in cell-free extracts were made by 
the method of Stadtman ef al. (8). 


RESULTS 


The effect of the addition of | yg. per ml. of biotin on the rates 
of fermentation of glucose and fructose is shown in Fig. 1. 
Both substrates are fermented at approximately the same rate 
and their rates of fermentation are stimulated to about the same 
extent (100 per cent) by added biotin. 

Fig. 2 shows the fermentation rates of glucose and the phos- 
phorylated intermediates of glycolysis in the presence and ab- 
sence of biotin. The presence of biotin affords a doubling of 
the rate of carbon dioxide production from glucose, whereas 
the rate with glucose-6-P, fructose-6-P or HDP* as the substrate 
is unaffected. This observation suggested a possible relation- 

The effeet on glucose fermentation by partially purified com- 
mercial hexokinase (Pabst) is shown in Fig. 3. Free biotin 
stimulates to about 50 per cent and hexokinase stimulates 
to SS per cent, whereas the combination of the two causes a 123 
per cent increase above the base line without biotin. Dried 
cells grown in a medium containing optimal amounts of biotin 
could not be stimulated by bietin, hexokinase, or a combination 
of the two. The possibility of cell multiplication during the 
course of the Warburg experiments was ruled out by plate 
counts and turbidity measurements. In an experiment similar 
to that in Fig. 2, plate counts showed a decrease in colony count 
from 173 per plate at the beginning to 28 after 3 hours. Tur- 
bidity measurements showed no increase im the presence of 
biotin. 

At this point it became important to measure the hexokinase 
activity of these celle in a more direet manner. Measurement 
of hexokinase, by coupling it with ghucose-6-P dehydrogenase 
and measurement of TPN reduction at 340 my, ix an established 
methx!l (9). However, previous attempts to stimulate the 
activity of cell-free extracts with biotin had been unsuccessful. 


' The abbreviations used are: HDP, hexose diphosphate or 
fructose-1,6-diphosphate; and Tris, tris(hydroxymethy!)amino- 
methane buffer. 
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Fic. 1. The effect of biotin on the fermentation of glucose and 
fructose by air-dried cells. Each cup contained 20.0 mg. dry 
weight of biotin-deficient cells, 1.0 ml. of 0.1 « phosphate buffer 


at pH 6.5, 1.0 mg. of MgSO,-7H,O in the main compartment. The 
reaction was started by adding 20 wmoles of substrate, 1.0 mg. of 
ATP, 1.0 mg. of DPN, 20.0 mg. of acetaldehyde, and 0.01 mg. of 
cocarboxylase from the side arm. Biotin, 3 sg., when present, 
was preincubated with the cells for 30 minutes before addition 
of substrate and cofactors. The volume was brought to 3.0 ml. 
with distilled water. The endogenous cup contained cells, all 
cofactors, including biotin, but no substrate. 


Stanier ef al. (10) reported studies in which glycerol was used 
to reduce light scattering by particulate suspensions so as to 
allow spectrophotometric measurements. By suspending a 
measured weight of dried cells in 3.0 ml. of water and adding 
7.0 ml. of reagent grade glycerol, we were able to obtain sus- 
pensions in which TPN reduction could be measured success- 
fully. In order to inhibit TPNH oxidase, the addition of small 
amounts of KCN was necessary for the measurement of glu- 
cose-§-P dehydrogenase of yeast grown under optimal conditions. 
KCN addition was unnecessary with the biotin-deficient cells, 
suggesting a depletion of TPNH oxidase as a result of biotin 
deficiency. There was no TPN reduction in the absence of 
substrate, an observation that was utilized in the blank. Fig. 
4 shows the effect of preincubation with biotin on the rate of 
TPN reduction with glucose as substrate. In the presence of 
biotin the rate of TPN reduction is increased 60 per cent. With 
glucose-6-P as the substrate the rate of TPN reduction was 
almost 5 times that with glucose, but it was unaffected by the 
addition of biotin. Table I shows the effect of added biotin 
on the rate of TPN reduction with glucose, fructose, glucose-6-P, 
fructose-6-P and HDP as the substrates. TPN reduction is 


20 30 #£=40 so 
MINUTES 
Fic. 2. The effect of biotin on the fermentation of glucose and 
the phosphorylated intermediates of glycolysis by air-dried, 
biotin-deficient yeast. The experimental conditions were the 
same as for Fig. 1. 


The effect of added biotin upon phosphoglucose isomerase 


production from glucose-6-P at 32°. The data presented in 
Table Il show that preincubation with biotin has no effect 
upon ketose phosphate formation. Elimination of the phos- 
Phoglucose isomerase enzyme as a possible site of biotin action 


was not observed. DPN reduction was not observed with any 
of the substrates. 

Cell-free extracts prepared by sonic oscillation could not be 
stimulated by biotin, although active preparations were ob- 
tained. However, extracts prepared in the Nossal disintegrator 
were active and could be stimulated by biotin. Fig. 5 shows 
the stimulation obtained with an extract prepared from 1.6 
gm. (dry weight) of deficient veast with glucose as substrate. 
The addition of biotin, without preincubation, increased the 
reduction of TPN by about 55 per cent. Table III shows the 
effect of biotin on TPN reduction with glucose and the phos- 
phorylated hexoses as substrates. This extract was prepared 
in the Nossal apparatus from 1.0 gm. (wet weight) of freshly 
harvested deficient cells. The activity of this extract is lower 
than that prepared from the larger amount of dried cells, but 
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60 
MINUTES 

Fia. 3. The effect of biotin and hexokinase on the fermentation 
of glucose by air-dried yeast. The experimental conditions were 
the same as for Fig. 1 except that 1.0 mg. of hexokinase was pre- 
incubated with the celle for 3) minutes where indicated. The 
endogenous cup contained all cofactors, biotin, and hexokinase, 
but no glucose. 


the degree of stimulation by bictin i« comparable and the 
preincubation period i« again found to be unnecessary. It 
may also be seen that the hexokinase activity is much lower than 
the phosphoglucose isomerase and the glucose-6-P dehydrogenase 
activities. Ewen at a 1:5 dilution of the extract, the latter 
reactions had twice as much activity as the hexokinase reaction. 
Since air<iried cells required a preincubation period im the 
presence of biotin, whereas cell-free extracts prepared from 
deficient celle could be stimulated by the addition of bictin 
at zero time, a comparison was made of the effect of premeuba- 
tion on dried cells and cell-free extracts (Table IV). The 
dried cells showed essentially no increase in the rate of fermenta- 
tion of hexokinase activity unless the celle were incubated with 
bietin for a period of 30 to 40 minutes. By compariken, bietin 
was found to stimulate the hexokinase activity of cell-free 
extracta when added with substrate and other factors at zero 
time. Preincubation of the extracts with bietim provided 
no enhancement of the stimulatory effect. 
Attention should also be drawn to the fact that the concentra- 
tion of ATP in the reaction mixture was not « limiting factor 
in the hexokinase activity. The ATP concentration in the 
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Fia. 4. The effect of biotin on the coupled hexokinase-glucose- 
6-P dehydrogenase reaction as measured by TPN reduction at 
30 me. Each cuvette contained 2.0 mg. dry weight of biotin- 
deficient cells (0.5 ml. of the 70 per cent glycerol cell suspension), 
1.0 ml. of 0.1 « phosphate buffer at pH 6.5, 1.0 mg. of MgSO,- 
7H, 0.2 mg. of ATP (0.32 um), and 0.2 mg. of TPN. The reac- 
tion was started by adding 5.0 smoles of substrate. Biotin, 3 
wg.. when added, was preincubated with the cells for 30 minutes 
at 37° before the cofactors and substrate were added. The total 
volume was brought to 3.0 ml. with distilled water. Final glycerol 
concentration was approximately 12 per cent with the use of 
0.5 ml. of the glycerol cell suspension. 


experiment reported in Fig. 4 was 0.2 mg. (equivalent to 0.32 
pmole of the disodium salt. 5 times this quantity (or 1.6 gmoles) 
was employed in the experiments presented in Tables I and IV. 
No differences in the degree of bietin stimulation were observed 


DISCUSSION 


The data presented show that bietin exerts a marked effect 
upon the hexokinase activity of veast. Stimulation of the rate 
of glucose and fructose fermentation by biotin, the lack of bietin 
stimulation of fermentation with glucose-6-P, fructose-6-P and 
HDP as substrates, biotin stimulation of hexokinase activity 
in beth dried cell suspensions and cell-free extracts, and the 
lack of stimulation of the phosphoglucose isomerase and glu- 
cose-6-P dehydrogenase all point to a direct effect of biotin in 
the hexokinase reaction. The elimination of the need for prein- 
cubation with biotin in the cell-free extracts, as opposed to the 
requirement of a 30 to 40 minute preincubation with dried 
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Activity of biotin-deficient, air-dried cells in 70 per cent glycerol 
Each cuvette contained 2 mg. of cells, 5 wmoles of substrate, 
0.2 mg. of TPN, 1.0 mg. of ATP (1.6 gm), 1.0 ml. of 0.1 u phosphate 
buffer at pH 6.5, 1.0 mg. of MgSO,-7HO, and water to 3.0 ml. 
Biotin, 3 wg., was preincubated at 37° with the cells in buffer for 
30 minutes before the addition of substrate and cofactors. The 
final glycerol concentration was approximately 12 per cent with 
0.5 ml. of the glycerol cell suspension per cuvette. 


Optical density X 10° at 340 my 


TPN REDUCTION 
AT 340 mp 


BIOTIN 


12 minutes 


—Biotin | + —Biotin + 


GLUCOSE 


* This cuvette contained 0.625 mg. dry weight of cells. 


wf 


Taste II 
Phosphoglucose isomerase activity in biotin -deficient, 
air-dried yeast cells 


Conditions re] i 2 3 4 


MINUTES 


Fic. 5. The effect of biotin on the coupled hexokinase-glucose- 3 
6-P dehydrogenase reaction as measured by TPN reduction at 
340 mys. The experimental conditions are the same as in Fig. 4 4 
except that a cell-free extract containing 1.32 mg. of protein per : 
cuvette was used instead of a glycerol suspension of dried cells. 


5.0 


* The complete system contained 3.0 mg. dry weight of cells, 
5.0 umoles of glucose-6-P, 1.0 ml. of 0.1 « Tris buffer at pH 9.0, , 
1.0 ml. of 0.1 m borate buffer at pH 8.0, and water to3.0 ml. Bio- 
tin, 3 ug., was added 30 minutes before addition of the substrate, 
Glycerol was not required as a suspending medium for this ex- 
periment since spectrophotometric measurements were not in- 
volved. 


Taste Ill 
Actiwity of cell-free extract from biotin-deficient yeast 
Each cuvette contained 5 wmoles of substrate, 0.2 mg. of TPN, 
0.2 mg. of ATP, 1.0 ml. of 0.1 « phosphate buffer at pH 6.5, 1.0 
. of MgSO,-7HO, and water to 3.0 ml. Biotin, 
cells in order to obtain stimulation, is an important observa- —oeliladheadedeaahiiahanen ameethea — 
tion which suggests a direct action by biotin upon hexokinase. 


The requirement of a preincubation period with dried cells is Optical density X 10 at 40 mg 

an indication of a permeability barrier which is eliminated upon 

complete disruption of the cells. Substrate 4 minutes § minutes 12 minutes 
The demonstration of a direct relationship between biotin Biotin +Bictin —Bictin +Bictin —Biotin +Bictia 

and hexokinase, an enzyme which has already been so inten- 

sively studied and obtained in the highest degree of purity (11), Glucose... il 17 33 51 61 87 

is an indication of a firm association between biotin and the Fructose... 7 12 2 45 58 83 

enzyme as demonstrated by Lichstein (12, 13) for oxaloacetic Glucose-6-P*. . 37 37 78 73 | «2 | 6112 

acid carboxylase. Only by an investigation of the activity Fructose-6-P*.. 33 30 65 61 95 91 

of an enzyme obtained from a deficiency state, or by direct Prustese-1,6-di- 

assay of the purified enzyme for the presence of bound biotin, ui 


can such a relationship be established. 
The hexokinase reaction involves the dissociation of a proton 
from an undissociated alcoholic hydroxyl group of glucose 


* In the cuvettes with the phosphorylated hexoses the extract 
contained 0.1 mg. of protein, whereas the extract employed with 
glucose and fructose contained 0.5 mg. of protein. 


a Vol. 233, No. 4 | 
| 
Biotin + Biotin | 
Fructose... 10 6 | 29 42 
Glucose-6-P* | | @ 52, 55 | 82 | C87 "> 200 
32 2 | 61 | 55 | 89 | 82 
Fructose-1,6-di- | | 
phosphate...) 24 | 27 38 | 39 | 56 
100 
| Biotin 
Complete system* | 9.0 | 115.0 
Less cells... | Bs 
Corrected value for complete system. . | 3.5 9.0 
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before phosphorylation (14). This is consistent with the 
postulation by Lichstein (15) that the mode of action of biotin 
may be in aiding the dissociation of a hydrogen atom from an 
otherwise undimociable group. Intensive study of hexokinase 
and other reactions with which biotin has been associated is 
necessary in order to bring our knowledge of this important 
vitamin to a level comparable to that which exists relative to the 
other members of the B complex group of vitamins. 


Biotin stimulates the fermentation of glucose and fructose 
by air-dried yeast grown deficient in this vitamin. 

Glucose-6- phosphate dehydrogenase can be measured in air- 
dried yeast by suspending the dried cells in 70 per cent glycerol 
to minimize light scattering. This permits 


The hexokinase activity of biotin<leficient dried celle and 
of extracts prepared from either dried cells or freshly harvested 
deficient yeast can be stimulated by the addition of free biotin. 

Biotin has no effect upon the rate of fermentation of glucose-6- 
phosphate, fructose-6-phosphate, or hexose diphosphate, or 
upon the activity of phosphoglucose isomerase or glucose-6- 
phosphate dehydrogenase. 


R. R. Strauss and A. G. Moat 


Taste IV 
Elimination of requirement for preincubation with biotin by use of 
cell free extracts from biotin-deficient yeast 
Air dried celle 
Come tions Hexol 
Fermentation (OD. | (OD. x 
min. at MO mein at MO 
min)? 7 min. )t 
Endogenous (+ biotin, + prein- 

o¢: 18 0 0 
Glucose, no biotin added 14s 56 474 
Glucose, biotin added at sero 

time. 168 52 625 
Glucose, cells 

with biotin for 40 min 218 87 630 


* For manometric measurement of activity, experimental 
conditions were the same as for Fig. 1. 

For spectrophotometric measurement of TPN reduction 
with dried cells, experimental conditions were the same as for 
Table I with the use of glycerol in the suspending medium. 

{ For s«pectrophotometric measurement of TPN reduction 
with cell-free extracts, experimental conditions were the same 
as for Table ILI except that the extract contained 3.6 mg. of pro- 
tein per cuvette. 
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Il. ENZYMES OF THE CITRIC ACID CYCLE* 
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It is the fundamental premise of chemical embryology that 
the processes which in the aggregate define embryonic develop- 
ment can be accounted for in chemical terms. These processes 
are (a) maintenance, which it shares with all living systems, 
(6) growth, which it shares with some, and (c) cellular differentia- 
tion, as well as morphogenesis, all of which are its characteristic 
attributes. This statement implies that on the molecular, bio- 
chemical level embryonic development must find its expression, 
if not its cause, in a series of changes in the over-all enzymatic 
pattern of the organism, starting with a pattern that is charac- 
teristic of the egg just subsequent to fertilization, and ending 
with the patterns that are characteristic of the various cells of 
the various formed organs and tissues (1-4). The changes 
which may add their contribution range from the simple to the 
complex: there may be variations in the molecular properties 
of individual enzymes; differential synthesis and /or destruction 
of various enzymatically active proteins; changes in their locali- 
zation in, and attachment to, the various components of the 
cells; and, finally, variations in their interaction with the gen- 
eral intracellular milieu. 

This paper and subsequent papers of this series will attempt 
a preliminary inquiry into some of these problems on the basis 
of studies made on properties of respiratory and other enzymes 
during development of the chick embryo. Ideally it is desirable 
to work with a system which permits the maximal resolution of 
the variables involved. Thus one might have attempted a 
dissociation of cellular differentiation and morphogenesis from 
growth by means of the explant technique developed by Spratt 
(2, 5), and one might have also, from the outset, compared homog- 
enates and extracts, not of whole early embryos but rather of 
embryonic regions and organ primordia, with their equivalent 
counterparts in the later embryo and the adult (2, 3). Neither 
of these approaches has been followed in this phase of this in- 
vestigation; not only because of the obvious technical difficulties 
but also because of a desire to obtain some appreciation of the 
limits, of both the problem and the methods proposed for its 
solution, in a qualitative or, at best, a semiquantitative manner. 
If, for some of the activities under study, changes should become 
manifest even as a result of this crude screening process, then it 
is clear that considerable purpose might be served by concentrat- 
ing on those for which the extent of such changes is the greatest. 

In this paper our attention is centered on some enzymes in- 


* Supported by Grant-in-aid H-2177 from the National Heart 
Institute, National Institutes of Health, United States Public 
Health Service. Publication of the Department of Chemistry, 
Indiana University, Bloomington, Indiana. 


volved in the terminal metabolism of pyruvate, and thus of 
glucose which is the preferred nutrient and energy source during 
the early stages of embryonic development (1, 2, 6). Consider- 
ing the pivotal role of the citric acid cycle in this process, it is 
somewhat surprising that, although frequently postulated, the 
presence of its constituent enzymes in developing avian embryos 
has only been rarely and sporadically subjected to experimental 
verification (1). Only during the past year does the problem 
seem to have been taken up in a systematic manner in several 
laboratories. Solomon has made an exhaustive study of em- 
bryonic glutamic dehydrogenase (7) and has reported briefly 
on lactic and malic dehydrogenase (8), and Seevola and Bar- 
bieri have studied lactic and succinic dehydrogenase (9). 

With the use of chick embryo preparations, we shall deal first 
with a demonstration of the presence of and some of the prop- 
erties of the four dehydrogenases of the cycle proper (isocitric, 
a-ketoglutaric, succinic, and malic), of three accessory dehy- 
drogenases (pyruvic, lactic, and “malic enzyme”), and of the 
two hydrating enzymes, fumarase and aconitase. The systems 
investigated and compared were (a) homogenates of the whole 
embryo obtained after 4 days of incubation, (6) a high speed 
supernatant fraction (S;) derived from (a) by fractional centri- 
fugation in a polyvinylpyrrolidone and sucrose medium, (c¢) 
homogenates of embryonic liver obtained after 10 days of in- 
cubation, (d) a supernatant fraction derived from (¢), and (@) 
homogenates of embryonic hearts obtained after 10 days of 
incubation. In the second part of this publication we examine 
and compare the development and distribution in various sub- 
cellular fractions of embryonic protein, and of four presumably 
representative, respiratory enzymes as a function of embryonic 
growth in ovo during the period between about 2 and 6) days 
of incubation. The enzymes selected were the pyridinoproteins, 
lactic, malic, and glutamic dehydrogenase, and the hydrating 
enzyme, fumarase. These enzymes were chosen because lactic 
dehydrogenase is said to be associated preponderantly with 
the soluble portion of at least the mammalian cytoplasm (10) 
whereas glutamic dehydrogenase and fumarase have been re- 
ported to be of mitochondrial origin (11, 12). The antecedents 
of malic dehydrogenase are uncertain, but a sizable proportion 
of the total homogenate activity appears to be associated with 
particulate, probably largely mitochondrial, clements (13). 
The fractionation technique used makes use of the above medium 
(14) designed to maintain the particulate elements in a state 
of optimal structural and functional integrity (15) in order to 
assess and contrast possible variations of intracellular localiza- 
tion in the course of development of the various enzyme types 
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investigated. Considerable interest in a possible role of sub- 
cellular particulate elements in embrvonie differentiation has 
recently become manifest (16-18), and studies of the type 
reported here may help to define the various particle types in 
terms of their complement of enzymes. 

MATERIALS AND METHODS 

Tissue Preparations—Unineubated embryonated eggs from 
New Hampshire Red X Rock Cornish chickens were obtained 
from Indiana Farm Co-Operative, Indianapolis, and incubated 
at 37.5 + 0.3° under conditions of controlled humidity in a 
James incubator model 520, (James Manufacturing Company). 
At the end of the incubation period the embryos were excised 
and immediately immersed in ice-cold Ringer's solution. Their 
morphological stage of development was determined according 
to the stages defined by Hambprger and Hamilton (19), and only 
embryos at the same stage were pooled and used. The average 
time of development quoted by these workers for cach stage 
forms the basis of the time scale emploved in the presentation of 
all the data in this report. The times shown (in hours or days) 
therefore correspond to periods of development and not to 
actual incubation times, i¢. “36 hours” means Stage 10 (10 
somite) embryos, “4 days” means Stage 23 embryos, and so 
forth. Extraembryonie tieues were removed, organs excised 
where indicated, rinsed with cold Ringer's solution and homog- 
enized, and fractionated as deseribed below. 

Fractionation Technique—At the time this investigation was 
initiated, no reliable data were available which could be used as 
the basis of a rational fractionation «scheme for homogenates 
of embryonic tissues analogous to the commonly accepted 
schemes for adult tixeues (20). Thus it appeared of importance 
to select a procedure which @ priori might be expected to retain 
subcellular particulate (expecially mitochondrial) structures, 
and their enzymatic complement, to the greatest feasible extent, 
and then to check the procedure selected against other, alternate 
ones by the use of one or more sensitive indicator enzymes. 

The use of polyvinylpyrrolidone in conjunction with ke- or 
hypertonic sucrose ax a homogenization and suspension medium 
appeared potentially advantageous on the basis of the reports 
by Novikoff (15) on the properties of, and by Greenfield and 
Price (14) on the localization of catalase in, liver mitochondria 
prepared in this manner. We selected fumarase as a suitable 
indicator enzyme, since this enzymatic activity had been re- 
ported to be originally associated with, but very easily detached 
from, the mitochondrial fraction (12). Three different media 
were compared: (a4) a standard sucrose medium (4) (0.25 
sucrose in 0.05 « Tris,’ pH 7.5); (6) the medium suggested by 
Novikoff (15) (0.25 1 sucrose, 7 per cent polyvinylpyrrolidone, 
0.05 « Tris, pH 7.5); amd (©) the medium used by Greenfield 
and Price (14) (0.558 wt sucrose, 10 per cent polyvinylpyrrolidone, 
0.05 mu Tris, pH 7.5). 

The conditions used and results obtained are summarized in 
Table I: first, the recoveries in terms of enzyme units and of 
total protein appeared to be about equal in all three procedures; 
second, the presence of polyvinylpyrrolidone during fractionation 
or in the assay «vystem did not inhibit fumarase activity; and 
third, only in the highly hypertonie medium of Greenfield and 

'The abbreviations used are: EDTA, ethylenediaminetetra- 
acetic acid; Tris, tris(hydroxymethyl)aminomethane buffer; 
propanol buffer, 2-amino-2-methyl-1 propanol. 
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Taste I 

Distribution of fumarase in livers of young chicks 

1 enzyme unit is defined as the amount required to form 1 
smole of fumarate X min.“ at 37° in a test system containing 50 
amoles Tris buffer, pH 7.4, 100 smoles of potassium malate, ad- 
justed to the same pH, and enzyme in a total volume of 1.0 ml. 
The procedures used were identical in all three instances up to 
and including the isolation of the rapidly sedimenting fraction 
(P:). 145m. (wet weight) of finely minced livers from 30 day-old 
chickens were homogenized in 13.5 ml. of medium for 3 minutes 
in the cold. P, fraction was isolated by centrifuging for 10 min- 
utes at 700 X g, and washed twice by rehomogenization (2 and 5 
minutes respectively), and recentrifugation under the same con- 
ditions. The intermediate particulate fraction (P;) was isolated 
in procedure (a) by recentrifuging the supernatant fluid from P, 
for 10 minutes at 5000 < g, and washed by homogenization and 
centrifugation for 10 minutes at 30,000 X g; in procedure (5) P; 
were isolated and washed by spinning 10 minutes at 30,000 x g; 
in procedure (c) they were isolated and washed by centrifuging 45 
minutes each at 30,000 X g. The slowly sedimenting particulate 
(P,) and supernatant fraction (S,) were prepared in procedures 
(a) and (6) by centrifuging for 1 hour at 100,000 X g, and in proce- 
dure (c) by centrifuging for 2 hours at this speed. 


| Proe ecture (a) 
| Quantity 
| 
WH* (15 ml.) Total mg. of protein | 440 
Specific activity Il. 
| Total activity 
P, (25 ml.) | Total mg. of protein 130 
Speeifie activity 19. 
| Total activity 
P; (12.5 ml.) | Total mg. of protein | 50 
‘Specifie activity 9. 
| Total activity 480 
P, (12.5 ml.) | Total mg. of protein | 56 
Specific activity 10. 
Total activity 560 
S, (25 ml.) Total mg. of protein | 370 
activity 13 
| Total activity LO 
Recovery | Percentage of protein 103 


Percentage of units | 148 


Percentage of total units in P; 


Price did we succeed in retaining an appreciable proportion of 
the total activity (~35 per cent) in the P; fraction. This 
observation is similar to the ones reported by these authors on 
catalase as an indicator enzyme. It may be pointed out that 
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as an additional control in adopting this procedure for embryonic 
materials we also carried out similar fractionations of homog- 
enates prepared in this manner from organs of freshly hatched 
chicks.2_ Again, a considerable portion of the fumarase activity 
was found to be associated with the P; fraction, both in the case 
of liver (~50 per cent) and heart (~75 per cent). As a result, 
this procedure ((c), above) was adopted and used throughout this 
investigation. For the routine fractionations we used 500 mg. 
of wet weight of embryo or tissue. The final volumes used were 
generally 10.0 ml. for P; (see Table I), 5.0 ml. for P;, 2.5 ml. for 
P; and of the order of 10 ml. for Sx. 

Storage—Disodium EDTA was added to all preparations to a 
final concentration of 10-* m. They were then frozen quickly 
and stored at —20°. With respect to the enzymatic activities 
reported here this treatment appeared to preserve virtually the 
total activity, as indicated by the constancy of apparent activity 
of samples tested either immediately after isolation or after 
freezing, several days storage, and thawing. For all assays, 
preparations were diluted with a solution of crystalline bovine 
serum albumin to a final concentration of 1 mg. of this component 
per ml. 

Assays— All assays made use of spectrophotometric procedures. 
Measurements were performed in a Beckman model DU spectro- 
photometer equipped with a photomultiplier. 1.0 or 3.0 ml. 
silica or quartz cuvettes with a 1.0 cm. light path were used. 
For quantitative measurements, conditions were chosen so 
that the substrate was present in excess (i.¢. the assay was per- 
formed in the zero order range of the initial velocity versus the 
substrate concentration curve), and the extent of reaction was 
proportional to the time, so that the optical density change per 
unit time was strictly proportional to the amount of enzyme used. 
In general all determinations were measured both against unin- 
cubated zero time blanks containing all components and against 
incubated no-substrate blanks. In the neutral pH range re- 
oxidation of reduced pyridine nucleotides by oxygen in the pres- 
ence of various DPNH and TPNH oxidase systems might affect 
the data on pyridine nucleotide-linked dehydrogenases. In 
order to eliminate this source of error we cither corrected for 
the rate of air oxidation and/or performed the reaction in 
question in 10-* a KCN which effectively blocks all embryonic 
DPNH oxidase activities.’ 

The methods used for the demonstration of the various 
enzymes were adaptations of the following published methods: 
lactic dehydrogenase by DPN* reduction with lactate (21) 
or by DPNH oxidation with pyruvate (22); malic dehydrogenase 
by DPN* reduction with malate (23) or by DPNH oxidation 
with oxaloacetate (23); “malic enzyme” by TPN* reduction 
with malate (24); isocitric dehydrogenase by TPN* (25) and 
DPN* (26) reduction in the presence of isocitrate; pyruvic, 

? The properties of embryonic mitochondria and microsomes 
will form the subject of a future communication. For the pur- 
pose of the present paper no claim for any precise identification is 
made. The particles which comprise Fraction P; stain with 
Janus green, and, on examination by means of phase contrast or 
electron microscopy, are similar in size to the particles in the 
same fraction obtained from adult organs. They contain an 
active, cyanide-sensitive cytochrome oxidase. Fractions P, and 
P,; are quite free of these particles, but the liver P, contains an 
active antimycin-insensitive DPNH oxidase, as well as particles 
which show, on reduction, the characteristic spectrum of the 
microsomal cytochrome 6, (39) (L. Brand, in preparation). 

*L. Brand, unpublished observations. 
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a-ketoglutaric and succinic dehydrogenase by ferricyanide 
(27, 28) and 2,6-dichlorophenolindophenol (29) reduction in 
the presence of the appropriate substrate and pyruvic dehydro- 
genase also by DPN* reduction (30-32); fumarase and aconitase 
by the formation of fumarate from malate and cis-aconitate 
from citrate or isocitrate respectively (33, 34); condensing en- 
zyme by DPN* reduction (35). 

For the survey of the changes in enzymatic activity during 
development, a modification of the sensitive method of Robins 
et al. (36) was employed for glutamic, lactic and malic dehydro- 
genase. This method measures the formation of the a-keto acids 
produced in the dehydrogenase reaction by allowing these com- 
pounds to condense with quinolylhydrazine in acid solution and 
determining the quinolylhydrazones formed in this manner by 
measuring the optical density at 305 mp. The amount of optical 
density change under the conditions given below was shown to 
be proportional to time (measurements at 5, 10, and 15 minutes) 
and enzyme concentration under the conditions of the assay, 
first with samples of the highly purified enzymes available com- 
mercially (Worthington Biochemicals Corporation), and then 
with several typical embryonic preparations, both particulate 
and soluble. The assay mixtures for glutamic dehydrogenase 
consisted of: 0.20 ml. of 0.05 ™ Veronal buffer (Winthrop 
Laboratories), pH 8.05; 0.09 ml. of | « potassium L-glutamate; 
and 0.05 mil. of 1 per cent DPN, preincubated for 5 minutes at 
38°. Enzyme in a total volume of 0.10 ml. was used to start 
the reaction, and the incubation was resumed for 15 minutes. 
At the end of this period 0.2 ml. of a solution 5 x 10 w with 
respect to quinolylhydrazine and 0.90 « in HC! (freshly pre- 
pared by diluting 0.03 m quinolylhydrazine with the acid) 
was then added. The mixture was shaken for 55 minutes at 
room temperature, 0.8 ml. of 0.01 s HCI] was added, any turbidity 
due to precipitated protein was removed by centrifuging in a 
clinical centrifuge for 6 minutes, and the A». was determined. 
For lactic dehydrogenase the buffer used was 0.2 ml. of 0.1 
propanol buffer, pH 9.8; the substrate was 0.02 of 4.5 m sodium 
pi-lactate, pH 9.8; and the quinolylhydrazine reagent was 
diluted in 1.05 « HCl. For malic dehydrogenase the buffer 
was 0.2 mil. of 0.1 m propanol, pH 10.4; the substrate was 0.1 
ml. of 1 M potassium Lt-malate, pH 10.4; and the quinolylhy- 
drazine reagent was diluted in 1.65 u HCl Controls for zero 
time blanks and unincubated, no-substrate blanks were also 
determined and subtracted from the experimental value. The 
method of assay for fumarase used (33, 34) was modified as 
follows: 100 ymoles of potassium L-malate adjusted to pH 7.4, 
50 wmoles of Tris buffer (Sigma 121), pH 7.4, and enzyme in a 
total volume of 1.2 ml. were incubated at 38° for 15 minutes. 
At the end of this time, the tubes were chilled and deproteinized 
with 0.1 ml. of 50 per cent HClO, The protein was removed 
by spinning for 6 minutes at full speed in a clinical centrifuge, 
and the solution was read at 240 my. 

Protein—Protein was determined by a micro-modification 
of the biuret method (37) using 0.5 ml. dunn 
of sample with an incubation period of 15 minutes, and a Bausch 
and Lomb Spectronic 20 or Beckman model DU spectrophotom. 
eter. Readings were taken at 340 my against a blank contain- 
ing biuret reagent and all other components (buffer, medium, 
etc.). Standardization curves were prepared for both instru- 
ments with the use of crystalline bovine serum albumin (Armour) 
as a primary standard. Beer's law was strictly obeved for 
amounts of protein varying from 0.10 to 1.0 mg. (Spectronic 
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20) and 0.05 to 1.2 mg. (DU) of protein per sample. Replicates 
of the same sample agreed within +5 per cent. With em- 
bryonic tissue homogenates or fractions there was a linear 
response to the amount added in the Aj range between 0.020 
and 1.00, providing the blank was composed as indicated earlier. 

Extinction Coeficienta—The millimolar extinction coefficients 
(1 mmole em.~') and wave length of maximal absorption 
used were: for DPNH and TPNH, 6.22 at 340 my (38); for fuma- 
rate, 2.4 at 240 my and 0.93 at 260 my (34); for ci-aconitate, 
3.30 at 240 my (33); for ferricyanide, 1.00 at 410 my; and for 
2.6-dichlorophenolindophenol, 15.5 at 610 my (39). For the 
quinoly hydrazones (305 my), the coefficients, established empiri- 
cally under the actual assay conditions (i.¢. in the presence of an 
equimolar amount of DPNH), (35) were a-ketoglutarate, 16.7 x 
1 mmole"  em.~'; pyruvate, 13.3 x 1 mmole em.-'; 

Reliability of Resulte—All determinations were performed on 
replicates and the values cited are the means of three or more 
runs with separate groups of embryos, incubated several weeks 
or more apart, to minimize seasonal variations. Within any 
one group individual determinations of any activity fall within 
+5 per cent standard deviation from the mean. However, when 
the values for any one determination at any one stage, but be- 
tween different groups, are compared the usual standard devia- 
tions are of the order of +10 per cent, although standard devia- 
tions as high as +20 to 30 are sometimes observed, especially 
for embryos beyond Stage 23 (4 days). This is understandable 
in view of the fact that the weight of the individual embryo 
increases exponentially with the incubation period and thus it 
will be appreciated that the number of embryos that have to 
be used to vield the same weight of homogenate, and with it 
the internal statistical significance of an individual sample, 
decreases precipitously with time. In a typical series we may 
have used 100 embryos at 2 days, 35 embryos at 3, 15 embryos 
at 4, 4 embryos at 5, and 2 embryos at 6 days. Thus it ix not 
surprising that there appeared to be much closer agreement 
between different groups at the early than at the later stages. 
Furthermore, it must be emphasized that in spite of this con- 
siderable experimental uncertainty the qualitative patterns 
of enzyme development and localization discussed in the body 
of this report are not so affected. For the variations are most 
pronounced as far as absolute values for enzymatic activities 
are concerned; relative values with respect to some arbitrary 
reference point within a class (¢.g. activity after 2.5 days com- 
pared with activity after 5 days within any one group of embryos, 
i.e. a group originating from the same batch of eggs, or activity 
in 8S; compared to activity in the whole homogenate fraction 
for all groups at the same age) showed standard deviations 
of < +15 per cent. Finally, it may be mentioned that for 
the assays as a function of development, the standard errors, 
computed purely on the basis of the number of separate runs 
were of the order of +5 to 10 per cent and never exceeded 15 
per cent. 

Materiale—The sources of the materials used were: polyvinyl- 
pyrrolidone (Plasdone C), Antara Chemicals Division of Gen- 
eral Aniline and Film Corporation; Tris (Sigma 121), Sigma 


* Actual standard deviations obtained are shown in Fig. 7 for 
malic dehydrogenase, a typical dehydrogenase assayed by the 
quinolylhydrazine method, in Fig. 9 for fumarase, as assayed by 
the direct spectrophotometric technique, and in the legend to 
Fig. 5, for protein. 
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Fig. 1. A. The reduction of DPN* and TPN* by lactate with 
enzymes from 4-day embryos. The experimental cuvettes con- 
tained 40 smoles of propanol buffer, pH 9.8, 0 wmoles of sodium 
pt-lactate, pH 9.8, | smole of DPN, enzyme, and water to 2.2 ml.; 
the blank contained no substrate; the reaction was started by 
adding enzyme: 0.05 ml. of homogenate (125 wg.) to Experiment 1, 
0.05 ml. of 3, (6 wg.) to Experiment 2, 0.10 ml. of 8, to Experiment 
3, and 0.10 ml. of homogenate but with TPN instead of DPN to 
Experiment 4. All experiments were performed at 22°. 

B. The oxidation of DPNH by pyruvate. The experimental 
cuvettes contained 100 gmoles of Tris buffer, pH 7.5, 2 smoles of 
sodium cyanide, | smole of sodium pyruvate, 0.2 smoles of DPNH 
and water to 2.2 ml. All other experimental conditions were as 
im Part A. 


Chemical Company; 2-amino-2-methyl-l-propanol and 3-quin- 
olylhydrazine, Distillation Products Industries; disodium EDTA, 
Fisher Chemical Company, AR grade; DPN, DPNH, TPN, 
Sigma Chemical Company; Coenzyme A, Pabst Laboratories, 
all of purity >90 per cent; the citrie acid cycle substrates (cis- 
aconitic acid, pi-isocitrie acid lactone, converted to the salt 
by mild alkaline hydrolysis, citrie acid, a-ketoglutaric acid, 
t-glutamic acid, suceinie acid, t-malie acid, and oxaloacetic 
acid were all found to be analytically pure with regard to organic 
impurities), California Foundation for Biochemical Research, 
and Nutritional Biochemicals; Na-pyruvate, Schwarz Labora- 
tories, Inc.; sodium pt-lactate, Mallinckrodt Chemical Works; 
ferri- and fervecyanide, Matheson, Coleman and Bell, AR grade; 
2,6-dichlorophenolindophenol, Distillation Products Industries, 
recrystallized. All water used in this investigation was glass- 
distilled. 
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and soluble fractions derived therefrom, of all the embryonic 
materials tested. Some of the results with the whole homog- 
enate and S, fractions from Stage 23 (4 day) embryos are shown 
in Fig. 1. It can be seen that both DPN* reduction by lactate 
(21) and pyruvate reduction by DPNH (22) can be measured. 
This second reaction might have been due to the intervention 
of a hypothetical DPN-apecific “malic enzyme,” analogous to 
the one known to be present in certain microorganisms. This 
possibility is ruled out because no effect of divalent metal ions 
(Mg** or Mn**) on the reaction could be demonstrated, whereas 
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1 enzyme unit is defined as the amount required to reduce 1 
gmole of DPN or oxidize 1 symole of DPNH X min.“ at 37° under 
the conditions of Fig. 1. Specific activity equals units X mg.~' 
of protein, total activity is total units X weight unit™ indicated. 
10 Stage 23 embryos were homogenized for the 4-day experiments, 
yielding 10 ml. with 2.5 mg. X ml.~' of WH,* and 11 ml. of 8, with 
0.12 mg. X ml.~'. The data for the 10-day organs were: 13 livers 
to yield 10 ml. of WH with 13.5 mg. X ml.~', and 9.5 ml. of 8, 
with 0.72 mg. X ml.~'; 23 hearts to yield 10 ml. of WH with 4.88 
mg. X ml.~'. The number of embryos and organs was chosen to 
supply 500 mg. wet weight. 


Oxidation of | 4 day embryo! WH*; 0.70 34 1.7 
lactate 8; 8.4 22 1.1 
10 day liver WH 2.2 580 23 
8; 24 415 16 
10 day heart WH 0.55 52 2.1 
Reduction of | 4 day embryo; WH 0.58 29 1.5 
pyruvate 8; 7.2 19 1.0 
10 day liver WH 3.3 870 33 
8; 46 650 25 
10 day heart WH 0.50 29 1.1 
* WH, whole homogenate fraction 


the oxidation of malate in the presence of the embryonic “malic 
enzyme,”’ i.e. the reverse reaction, shows an absolute requirement 
for these components. Furthermore the embryonic, like the 
adult “malic enzyme,” is absolutely TPN-specific (cf. below). 
Data on the distribution of specific and total activities of lactic 
dehydrogenase in different preparations are given in Table II. 
Unlike its adult mammalian counterpart (results reported for 
the purified enzyme from rabbit muscle (22)) the embryonic 
activity appears to be strictly DPN specific; the activity with 
TPN* is at the most 0.001 of that with DPN*. In agreement 
with other reports (10) the enzyme appears extraparticulate 
in its localization. 

2. Malic Dehydrogenase and * Malic Enzyme’’—Similar meth- 
ods have been used for the demonstration of malic dehydrogenase 
activity (23) in homogenates of whole embryos and embryonic 
organs at different stages of development. The enzyme appears 
to be strictly DPN-specific in either direction, in contrast to the 
heart muscle enzyme (23). It is localized largely in the partic- 
ulate portion of the cytoplasm (13). DPN reduction by malate 
can be observed only at high pH because of the unfavorable 
position of the equilibrium. This fact permits the demonstration 
of “malic enzyme” activity when TPN* plus Mn** are sub- 
stituted for DPN* (24). These relationships are illustrated in 
Fig. 2 for enzyme preparations from livers of 10 day-old embryos. 
Only a small fraction of the total “malic enzyme” activity of the 
whole homogenate appears to be localized in the soluble portion 
of the cytoplasm, as is borne out by a comparison of Curves 2 
(whole homogenate fraction) and 3 (S3) of the figure. Quanti- 
tative relationships are summarized in Table III. For malic 
dehydrogenase, results in the direction of DPN reduction, even 
though obtained at a pH removed from that found optimal for 
the enzyme, may represent a more accurate measure of amounts 
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Fic. 2. A. The reduction of DPN* and TPN* by malate by 
enzymes from 10 day embryonic liver. The experimental cuvettes 
contained 40 ymoles of propanol buffer, pH 10.5, 10 gmoles of 
potassium L-malate, pH 10.5, 1 smole of DPN, enzyme and water 
to 2.2 ml.; the blank contained no substrate; the reaction was 
started by adding 0.05 ml. of homogenate (1 — 10 dilution, 67 yg.) 
to Experiment 1, 0.10 ml. of homogenate to Experiment 2, 0.10 
ml. of 8, (1 — 10 dilution 7.2 ug.) to Experiment 3, and 0.1 ml. of 
homogenate (undiluted) to Experiment 4, but with TPN substi- 
tuted for DPN. All experiments were performed at 22°. 

B. The reduction of DPN* and TPN* by malate. The experi- 
mental cuvettes contained 100 ymoles of Tris buffer, pH 7.5, other 
reagents as in Part A but to a total volume of 2.5 ml. and 2 smoles 
of sodium cyanide added; Experiment 1 with DPN, Experiments 
2 and 3 with TPN, and 0.05 ml. of homogenate (1 — 10) (67 ge.) 
in Experiments | and 2, and 0.05 ml. of 8, (72 sg.) in Experiment 3. 
2 umoles of MnCl, were added to all experiments after 5 minutes 
(arrow). All runs were performed at 37°. 

C. The oxidation of DPNH by oxaloacetate. The experimental 
cuvettes contained 100 smoles of Tris buffer, pH 7.5, 10 smoles of 
freshly prepared oxaloacetate solution, 0.2 smoles of DPNH, 2 
zmoles of sodium cyanide and water to 2.2 mi. All other experi- 
mental conditions were as in Part A. 


and distribution of the enzyme than those obtained by measuring 
DPNH oxidation in the presence of oxaloacetate. These results 
may be in error because of the possible formation of small 
amounts of pyruvate from oxaloacetate during the actual assay. 
Pyruvate reduction by the strong lactic dehydrogenase present 
would then contribute to the apparent DPNH disappearance. 

3. Isocitric Deh The reduction of TPN* in the 
presence of isocitrate and Mn** (25) was catalyzed by prepara- 
tions at all stages of development. The enzyme activity in 
question appeared to be associated mainly with particulate 
elements and to be specific for TPN. In preparations from 10 
day-old embryonic organs we were able to demonstrate a very 
weak activity which catalyzes the reduction of DPN by isocitrate 
(26) and which, within the limits of the method, can be recovered 
almost completely in the S, fraction. Thus the two isocitric 
enzyme activities apparently show opposite localization pat- 
terns to each other and may also differ from those reported for 
adult mammalian tissue (10, 26, 40). Some of the conclusions 
mentioned are based on the data of Fig. 3 obtained with prepara- 
tions from 10 day-old livers. The quantitative relationships 
observed with this type of activity are summarized in Table 
IV. As is evident from Fig. 3, TPN-isocitrie dehydrogenase 


9% 


- 


Vol. 233, No. 4 ‘ 
re) ‘ 
‘3.30 
Reaction Preparation es activity | Total , \ ‘ 
| wmits/gm. | its / 
| weight 30 60 90Sec. 
| 
p 
ion 
t 
«a 
7 


No. 4 


October 1958 


Taste Ill 
Activities of embryonic malic dehydrogenases 

1 enzyme unit is defined as the amount necessary to oxidize or 
reduce 1 gmole of pyridine nucleotide X min.~' at 37°. Malate 
oxidation by DPN* was measured at pH 10.5 (malic dehydro- 
genase) and pH 7.5 in the presence of Mn** (malic enzyme). The 
ise conditions for these assays, as well as for the reoxidation 
of DPNH by oxaloacetate, are described in the legends to Fig. 2. 

The preparations used are described in the text to Table Il. 


Reaction Preparstion | Fraction | | Total 
Oxidation of 4dayembrvo WH* 0.14 67 | 0.33 
malate by | | 2.0 | 0.10 
DPN Oday liver WH 0.35 | 3.6 
@ | 1.6 7 | 1.1 
10 day heart | WH 0.29 2 |; 1.2 
Oxidation of 4 day embryo WH | 0.005 0.25 | 0.012 
malate by | 0.08%) 0.13 0.006 
TPN 10 day liver WH 0.015) 4.0 | 0.16 
day heart WH | 0.026 12 0.0% 
Reduction of |4 day WH 0.28 | 15) 0.75 
oxaloace- 10 day heart WH oO. 49 0.82 
tate by | 
DPNH 


ean be utilized for the demonstration of aconitase. Activation 
of this enzyme by Fe** and cysteine (41, 42) can also be demon- 
strated (Curves 7 and 8). 


PEHMYDROGENASES ASSAYED WITH ARTIFICIAL ACCEPTORS 


For purposes of the preliminary survey reported here, pyruvic, 
a-ketoglutarie and succinic dehydrogenases were assayed by 
reduction of ferricyanide (27, 28), or 2,6-dichlorophenolindo- 
phenol (29). It is of course recognized that it would be more 
desirable to measure the reduction of a more “physiological” 
electron acceptor. But the measurement of dye, and of fer- 
ricvanide reduction is exeeedingly convenient, and it, especially 
in the case of the enzymes not vet detached from their particulate 
matrix, provides one with a reasonably accurate (43), and 
frequently the only possible «pectrophotometric method for 
the demonstration of the activity in question. Data for the 
three enzymes are summarized in Table V. [It may be mentioned 
that although the net optical density change in the ferrievanide 
assay was small, result« by this procedure were reproducible 
aml linear with time for prolonged periods of up to 1 hour. 
Imlophenol activities, with all three substances (indicated in 
Table V for suceinie dehydrogenase only) were consistently 
lower than the ferricyanide activities by factors of 2- to 3-fold. 
After repeated freezing and thawing of a P, (mitochondrial) 
preparation from a 10 day embryonic liver, a weak DPN* 
reducing activity, with the use of a-ketoglutarate and pyruvate 
as substrates and with Mg**, diphosphothiamine, and CoA 
added (30-32), was demonstrable in the supernatant portion 
obtained after high speed centrifugation. This demonstration 
was possible only because a well washed P, fraction treated in 
thix manner shows no ability to catalyze the reduction of DPN* 
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Fie. 3. The reduction of TPN* and DPN* by isocitrate and 
citrate by enzymes from 10-day embryonic liver. The experi- 
mental cuvettes contained, in Experiments | to 4 and 7 and 8, 
100 smoles of Tris buffer, pH 7.5, 10 wmoles of pt-isocitrate, 1 
pmole of TPN, 2 wmoles of MnCl,, 2 umoles of sodium cyanide 
enzyme and water to 2.2 ml. Other conditions were as in Fig. 
2B except: Experiment 1, 0.05 ml. of homogenate (670 sg.) at 22°; 
Experiment 2, 0.05 ml. S,; (72 sg.) at 22°; Experiment 3, 0.06 ml. 
of homogenate (1 -+ 10 dilution, 67 sg.) at 37°; Experiment 7, 
0.05 ml. of homogenate (1 — 10), but citrate was substituted for 
isocitrate, the reaction mixture preincubated 5 minutes at 37° 
before the addition of TPN and Mn**, and the reaction run at 
37°; Experiment 8, similar to 7 except that 1 smole of ferrous 
ammoniumsulfate and 10 smoles of cysteine were added during 
the preincubation period. In Experiments 5 and 6 the experi- 
mental cuvettes contained 100 wmoles of cacodylate buffer, pH 
6.5, 10 smoles of pt-isocitrate, 1 smole of 5’-adenylate, 1 smole of 
DPN, 2 smoles of sodium cyanide, and 2 smoles of Mn**. Both 
experiments were performed at 37°; Experiment 6 with 0.05 ml. 
of homogenate and Experiment 7 with 0.05 ml. of S,. 


in the presence of pyruvate. The total DPN activity per em- 
bryo, with either a-ketoglutarate or succinate as substrate under 
the conditions of the assay (phosphate buffer pH 7.3, 37°), was 
about 0.02 umoles X min.~'. This is a considerable proportion 
of the activity of the whole homogenate fraction, as assayed 
with ferrieyanide. 


HYDRATING ENZYMES 


1. Aconitase —The presence of aconitase in embryonic prepara- 
tions was indicated by the fact that citrate (known to be free 
of isocitrate) also leads to TPN* reduction under the conditions 
of the isocitrie dehydrogenase assay. It also proved possible 
to assay for the presence of the enzyme directly and to measure 
the formation of aconitate from citrate or isocitrate in the usual 
optical test system (33). Some of the data obtained with en- 
zymes from 10 day livers are summarized in Fig. 4C and Table 
VI. The enzyme in preparations from embryonic sources ap- 
pears to be strongly stimulated by the addition of cysteine and 
ferrous ions (41, 42, 44). 
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Taste IV 
Activities of embryonic isocitric dehydrogenases 

1 enzyme unit is defined as the amount required to reduce 1 
umole of pyridine nucleotide min.~' at 37°. DPN -reducing 
activity was measured in the presence of adenosine-5'-phosphate 
and defined as 0.1 the amount reduced in 10 minutes at 37°. All 
other conditions are outlined in the legends to Fig. 3; the prepara- 
tions used are described in the text to Table II. 


Reaction Preparation | Fraction) Total 
/me. 
Oxidation of | 4 day embryo 0.036 1.8 0.10 
isocitrate S; 0.15 0.36 | 0.020 
by TPN 10 day liver WH 0.18 24 0.94 
8, 0.39 5.8 0.045 
10 day heart WH = 0.084 8.2 0.18 
Oxidation of |10 day liver WH = 0.006 1.5 0.06 
isocitrate S: 0.22 1.6 0.060 
DPN 
* WH, whole homogenate fraction. 


2. Fumarase—Fumarase activity, as measured by fumarate 
appearance in the presence of malate or by fumarate disap- 
pearance (33, 34), was shown to be present in preparations at 
all stages of embryonic development. Experiments bearing 
on this point are presented in Fig. 4 and Table VI. 


OTHER ENZYMES OF CYCLE 
The only enzyme of the cycle for which no systematic search 
was made was the condensing enzyme. Its presence in homog- 
enates of 10 day embryonic liver was, however, indicated by 
the fact that it was possible to demonstrate DPN* reduction 
in the presence of acetyl CoA and malate (34). 


DEVELOPMENT OF VARIOUS ACTIVITIES 


Protein—lIf the total amount of protein per embryo is plotted 
on a logarithmic scale against time (Fig. 5) it is found to increase 
in a linear manner. This relationship holds true for the whole 
homogenate, as well as for the various fractions isolated by dif- 
ferential centrifugation. As can be seen, the lines are almost 
parallel, and thus the accumulation coefficients which are defined 
as the first order rate constants (2.3 x slopes of the lines) are 
approximately the same and are of the order of 1.15 days™. 

Lactic Dehydrogenase—The change in the specific activity of 
this enzyme in whole homogenates and in various isolated 
fractions as a function of the time of embryonic development is 
shown in Figs. 6A and B. The specific activity reaches a maxi- 
mum during the period between 3 and 4 days. This maximum 
is largely accounted for by a corresponding change of activity 
of the supernatant enzyme, which at all times shows a specific 
activity several times that of the other fractions and accounts 
for the bulk of the activity in the whole homogenate. On the 
other hand, when the total activity per gm. of wet embryonic 
tissue is measured during development (Fig. 6C), we observe 
a very high initial activity in the early embryo at times shorter 
than 2 days of incubation. The function then drops very rapidly 
and reaches a constant value of approximately 2 ymoles x 
min.~. This very early peak of total lactic dehydrogenase has 
no equivalent in the other activities studied (which reach their 
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Taste V 
Measurement of embryonic dye- and ferricyanide-linked 
dehydrogenases 

All activities expressed as the amount of enzyme necessary to 
oxidize 1 smole of substrate X min.~' at 37° in a test system con. 
taining 50 wmoles of phosphate, pH 7.5, 5 wmoles of substrate and 
1 smole of ferricyanide (AA 4. measured), or 0.1 smole 2,6-dichlo- 
rophenolindophenol (SA ee. measured) plus | smole of potassium 
cyanide. For a-ketoglutaric and pyruvic dehydrogenase deter- 
minations, 5 smoles of MgCl, and 1 wmole of cocarboxylase were 
added as well. Readings were taken every 5 minutes for 45 min- 
utes, and reaction rates were found to be linear with time through- 
out this period. The preparations used are described in the text 
to Table II. 


t 
' 


Reaction | 
Preparation | | activity, ‘Total 
Succinate Indo- 4 day WH* 0.008 
phenol 
10 day WH 0.006 
liver 
10 day WH § 0.000 
heart 
Succinate Ferri- 4dayem- WH 0.018 0.9 0.045 
i bryo 8, 0.11 0.3 | 0.015 
a-Ketoglu- WH 0.015 0.75 0.038 
tarate Ss, 0.11 0.3 0.015 
Pyruvate WH 0.02 1.0 0.050 
0.19 =O8 0.035 
Succinate | Ferri- Wdayliver WH 0.009 2.4 0.092 
8, 007m ~0.1 ~0.0 
a-Ketoglu- WH 1.9 #0.073 
tarate 0.06 ~0.0 ~0.6 
Pyruvate WH 0.006 1.6 0.062 
8, 0.005 ~0.06 
Succinate Ferri- 10 day WH 0.0) 2.0 0.043 
cy heart 
a-Ketoglu- WH 0.010 0.9) 0.021 
tarate | 
Pyruvate WH 0.015 | 1.5 0.033 


* WH, whole homogenate fraction. 


maxima subsequent to the second, and usually between the 
second and third day), and it may be referable to the key role of 
this enzyme in carbohydrate metabolism. 

Malic Dehydrogenase—The patterns observed with this en- 
zyme appear to differ fundamentally from those characteristic 
of lactic dehydrogenase. The whole homogenate activity (Figs. 
7A and B) reaches a maximal value between the 2nd and 3rd 
day and then remains approximately constant at this level for 
the remainder of the experimental period. This broad peak ap- 
pears to be due to two different phenomena occurring simulta- 
neously: the activity in the supernatant fraction continues to 
decline in a linear fashion throughout the period, whereas that 
in the mitochondrial fraction increases from the 2nd to the Sth 
day, reaches a maximum at this stage, and then declines. Ae- 
tivity in the P, fraction remains constant, and relatively high 
throughout. As far as the total activity (per gm. wet weight) is 
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Fia. 4. A. The formation of fumarate from malate by enzymes 
from 10-day embryonic liver. The experimental cuvette con- 
tained ymoles of Tris, pH 7.4, 10 smoles of potassium t-malate, 
pH 7.4, and enzyme and water to2.5 ml. The blank contained no 
substrate and the reaction was started by the addition of enzyme. 
In Experiment 1, 0.05 ml. of homogenate (1 — 10, 67 sg.) was used; 
in Experiment 2, 0.02 ml. of homogenate (270 yg.) ; and in Experi- 
ment 3, 0.05 ml. of S, (72 sg.), all at 22°. 

B. The disappearance of fumarate was similar to the experi- 
ments in A, but with phosphate buffer, pH 7.3, substituted for 
Tris, and 0.5 smoles of fumarate for malate. Experiment | was 
performed with 670 sg. of homogenate and Experiment 2 with 72 
wa. of Sy». 

C. The formation of aconitate from citrate and isocitrate. 
The experimental cuvettes contained 100 gmoles of Tris, pH 7.5, 
umole« of citrate (Experiment 1) or 25 ymoles of pt. isoci- 
trate (Experiment 2), both with 72 sg. of 8, and at 37°. 


concerned (Fig. 7C), a sharp maximum i« observed at approx- 
imately 60 hours; during the next 24 hours the total activity 
drops to about the same value as that found in the very early 
embryo, and remains constant at thix level for the remainder of 
the span. 

Glutamic Dehydrogenase—The specific activity of this enzyme 
(Figs. 8A and B) is two orders of magnitude lower than that of 
the other two dehydrogenases studied, but well within the limits 
of detection by the sensitive method employed here. The «pe- 
cifie activity peak of the whole homogenate occurs after 2 to 3 
days of incubation. This peak is accounted for by the activity 
of the enzyme localized in the P, and supernatant fractions. 
The activity in the mitochondrial fraction remains at a con- 
stant level throughout, and thus accounts for a different pro- 
portion of the total at different stages. As with the other en- 
zymes the total activity peak per gm. of wet weight (Fig. SC) 
occurs at about 60 hours. 

Fumarase—Except for minor variations, the data concern- 
ing this hydrating enzyme of the citric acid cycle correspond 
closely to those observed with malice dehydrogenase, its “neigh- 
bor” in integrated citric acid cycle activity (Figs. 94 and B). 
The absolute activities are of the same order of magnitude; the 
maximal specifie activity ie reached around the 3rd day; it is 
subject to only a small decline during subsequent stages; and 
it ix brought about by an increase in mitochondrial, and, a con- 
comitant decrease in, supernatant activity. Once again the 
maximum for the total activity occurs around 60 hours (Fig. 9C). 

Accumulation Rates—When the total activity is expressed per 
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Taste VI 
Activities of embryonic hydrating enzymes 

All enzyme units are defined as the amount necessary to convert 
1 smole of substrate X min.' at 37°. The formation and dis- 
appearance of the unsaturated acids were measured at 240 my 
under the conditions outlined in the legend to Fig. 4. For the 
conversion citrate — isocitrate the activity was measured in a 
linked reaction with isocitric dehydrogenase, and the reduction of 
TPN was followed at 40 mpg. The rate i« defined as 0.1 of that 
during the first 10 minutes. For the values shown in parenthesis 
ferrous ions and cysteine were added as activators; the conditions 
of the experiment are those of Experiments 7 and 8 of Fig.3. The 
enzyme preparations used are described in the text to Table II. 


Reaction Preparation | Specific activity| Total 
tomils meg. 
Isocitrate — 10 day liver WH* 0.018 4.9 0.19 
cis-aconitate S; 0.36 5.2 0.2 
10 day heart WH 0.012 1.2 0.046 
Citrate cis- l0day liver WH 0.019 5.1 0.2 
aconitate Ss 0.39 5.6 0.21 
10 day heart WH 0.015 1.5 we 
Citrate — 4 day WH 0.005 (0.010) 0.25 0.025 
isocitrate S, 0.0 0.096,0.011 
10 day liver WH 0.013 (0.026) 3.5 0.13 
S; .26 3.7 0.14 
Malate — 4 day WH 0.075 3.5 0.18 
fumarate S; 0.31 1.4 0.042 
10 day liver WH 0.20 55 | 
| 1.1 15 
10 day heart | WH | 0.060 6.0 0.13 
Fumarate 10 day liver 0.10 26 
malate & | 0.50 7.0 0.2 
10 day heart WH | 0.020 2.0 0. 
* WH, whole homogenate fraction 


embryo, and plotted semilogarithmically against time, in a man- 
ner analogous to that previously deseribed for protein, the data 
of Fig. 10 are obtained. It will be observed that the accumula- 
tion rates for all the enzymes studied fall into two different 
classes. One is characteristic of the early embryo, and is sepa- 
rated from the second by a region of change or discontinuity, 
between 48 and 96 hours of incubation. The constants are tab- 
ulated in Table VII. During the second period, ie. after about 
the 3rd day of incubation the embryo accumulates only malic 
dehydrogenase at a rate comparable to that of the average of 
all proteins in general; the other three enzymes studied are syn- 
thesized at approximately equal rates, a rate wiiich, however, is 
only about some 70 per cent of that characteristic for protein 
general. Before 60 hours, the situation is reversed: three of the 
enzymes are accumulated at rates equal to or faster than those 
obtaining for all proteins; only lactie dehydrogenase lags and it 
is accumulated at approximately SO per cent of the rate of pro- 
tein. There appears to be another possible generalization: the 
times at which the accumulation coefficients for the individual 
enzymes change from the value characteristic for the early 
embryo (<2 days) to those characteristic for the later stages 
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Fic. 5. The protein content (biuret) of early chick embryos. 
Time scale in this and all subsequent figures is corrected incuba- 
tion time as defined in the text. WH (obs) is the value for the 
whole homogenate, P, that for the rapidly sedimenting, P; that 
for the mitochondrial, P; that for the microsomal, and 8, that for 
the nonsedimentable fraction of the scheme described. WH 
(calc) is the summation of the values for P;, P:, P; and 8;; this 
provides a check on recoveries. 


(>3.5 days) are in the order malic dehydrogenase > glutamic 
dehydrogenase > fumarase > lactic dehydrogenase. This is 
the same order as that shown by the characteristic “early” 
accumulation coefficients themselves. 

Relation of Embryonic Activity to That in Area Pellucida— 
Solomon has indicated that in blastoderms, i.e. at an early stage 
of development, the areas surrounding the embryo showed a 
high specific and total glutamic dehydrogenase activity when 
compared with the embryo proper (7). We have studied the 
distribution of the four enzymatic activities described in em- 
bryos and the immediately adjacent areas (i.e. the area pel- 
lucida) of Stage 10 and 10 + (10 somites) and Stage 11 (13 
somites). Within the limits of the experimental methods used, 
the distribution of the total protein between the two areas 
appears to remain approximately constant, although the total 
may have declined slightly. The total activities per blasto- 
derm (=, in Table VIII), however, also remain constant within 
the experimental error. Thus there seems to exist a complimen- 
tary relationship during this period between the two portions 
of the blastoderm: specific and total activities in the area pel- 
lucida appear to decrease and to be compensated for by corre- 
sponding increases in the specific and total enzymatic activities 
of the embryo proper. 

DISCUSSION 


Citric Acid Cycle Activity in Chick Embryo—It is obviously 
premature to draw any conclusions regarding embryonic devel- 
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Fic. 6. Development of embryonic lactic . Ae. 
tivities are expressed as mgmoles X min.~'. Specific activities 
(S.A.) are mgmoles of substrate oxidized X min.~' X mg.~' pro- 
tein. All measurements are at 38° under the conditions outlined 
in the text. Points shown are mean values. In this and all sub- 
sequent figures the number of separate runs at the various times 
shown were: 36 hours, 3; 41 hours, 3; 2 days, 4; 2.5 days, 3; 3 days, 
3; 3.5 days, 3; 4 days, 5; 4.5 days, 7; 5 days, 3; 5.5 days, 3; 6 days, 
3; 6.5 days, 3. A. S. A. in WH and P, as a function of time. 
B.S. A.in P», P;, and 8, as a function of time. C. Total activity 
per gm. wet weight as a function of time. 


Fic. 7. Development of embryonic malic dehydrogenase. The 
height of the brackets around each point indicate the standard 
deviations. Other details are similar to those of Fig. 6. Assay 
is as described in the text. 


opment and/or differentiation on the basis of the data pre- 
sented here. Nevertheless, there can no longer be any doubt 
as to the presence of the enzymes of the citric acid cycle, in- 
cluding all the dehydrogenases, in extracts and tissues of chick 
embryos. However, the ability of the embryo to metabolize 
individual substrates of the cycle, as judged from the specific 
activities of the various enzymes involved, shows considerable 
variability. Spratt’s failure to obtain development of explanted 
blastoderms with some (succinate, malate, and a-ketogluta- 
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Fic. 8. Development of embryonic glutamic dehydrogenase. 
For details and assay conditions «ee the legend to Fig. 6 and the 
text. 


eon 


Fic. 9. Development of embryonic fumarase. The height of 
the brackets indicates standard deviations. For detaile see the 


legend of Fig. 6. 


rate), though not all, evcle substrates is therefore probably ref- 
erable to causes other than the absence of the appropriate 
enzymes. This had already been suggested by him on the basi« 
of experiments with cytochemical dye-reduction techniques (2). 

Our data indicate also that development and differentiation 
may be accompanied by changes of individual enzymatic activ- 
ities, not only with regard to the total activity per embryo, 
but also with regard to «pecifie activity per mg. of protein. 
In addition, the localization pattern of individual enzymatic 
activities in the different subcellular fractions of the embryo 
(or at least their ease of detachment from particulate elements), 
although qualitatively similar to that observed in the adult, 
shows some remarkable quantitative differences amd may also 


10 
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Fie. 10. Enzyme content of early chick embryos. The total 
enzymatic activity per embryo for the four enzymes studies is 
expressed as a function of (corrected) incubation time as defined 
im the text. In order to bring all curves onto the same plot, the 
following manipulations have been performed: All activities are 
expressed as mgmoles X min.' X embryo™' and plotted semi- 
logarithmically against time. Malic dehydrogenase has been 
divided by 2 and lactic by 4 in order to keep the same ordinate for 
all plots. Values for malic that are shown are thus displaced 
downward from the true ones by Log 2 and those for lactic by 
Log 4. The abscissa for each activity is time in days, and is 
separate and not equal for the various activities. 


Taste VII 
Accumulation rates for rarious activities in 
homogenates of chick embryos 
| ‘Time of 
| 
Protein | 12 (0.92, None | 1.2 | 0.92 
Malic dehydrogen- 3.0 0.85 2.0 1.2 0.9 
ase 
Glutamie dehydro. 2.3 O88 25 085 | 0.96 
Kenase | | | 
Fumarase Os 30 0.86 
Lactic dehydro 0.% 0.90 33 | | 0.0 
genase | 


© K, the first-order rate constants caleulated from the slopes 
of the regression lines in Fig. 10. The correlation coefficients for 
these lines as drawn are tabulated in the column labeled r and r’ 


respectively. 


undergo changes during embryonic development. Data which 
form the basi« of these conclusions are summarized in Table LX. 

Table LX also indicates that aconitase, of all the enzymes of 
the evele proper, appears to show the lowest specific and total 
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Taste VIII 
Activity of embryo and surrounding area at 36 and 41 hours 


All values shown are the means plus or minus the standard deviation of three separate runs, involving approximately 100 embryos 


each. Specific activity is defined as mmoles of substrate converted X min.~' X mg.~' protein. 
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Stage 
10 somites 15 somites 
Activity 
Region 
Area pellucida Embryo z Area pellucida Embryo z 
Total protein (mg.) | | 
3.56 +0.2 | 0.2520.02 3.8 3.1 £+£02 023200 3.3 
Fumarase (mgmoles X min.~') 
41 £02 +0.1 £01 BO 40.5 
cess 14.3 2.70 17.0 4.1 16.9 
Lactic dehydrogenase (mpmoles X min.~') 
ict 7.1 2403 (300 + 2.0 +03 38.0 +1.8 
Malic dehydrogenase xX min.~') 
45 +04 100.9 + 0.6 38 +01 60 +0.9 
coves 15.8 2.7 8.5 11.7 3.4 15.1 
Glutamic dehydrogenase X min.~') 
0.050 + 0.05 0.92 + 0.01 «0.022 40.02 14 +01 
Tasie IX a substrate the calculated Qo,” (protein) would then be 0.01 


Citric acid cycle activity of chick embryos 
All dehydrogenase activities are measured in the direction of 
oxidation of substrate. For the relative activities (per mg. of 
protein or embryo) aconitase activity has been set arbitrarily 
equal to unity. The true specific activities for this enzyme when 
activated by ferrous cysteine are (Table VII): for the 4 day WH*, 
0.010; the 10 day liver WH, 0.026; and the 10 day heart, 0.015. 


| Relative activity | la Se 
‘4 day| —— 
| | | %1% 
Aconitase 10 1.0 | 44) 100 
Isocitric dehydrogenase 3.6 | 7.0 | 65 |) 2 
(TPN) | 
a-Ketogl. dehydrogenase 15 | 0.27) 0.72) #0 5 
Succinic dehydrogenase 18 0.35) 15 5& 
Fumarase 7.6 | 7.7 | 461/23] @ 
Malic dehydrogenase (DPN) 14.0 | 3.5 33 | 2 
Malic enzyme (TPN) 0.50 0.60) 0.95 21 
Pyruvic dehydrogenase 2.0 0.25) 0.60) 5 
Lactic dehydrogenase 70 135 7.0 65 | 72 
* WH, whole homogenate fraction. 


activity, and therefore the reaction catalyzed by this enzyme 
would be rate-limiting for the 4 day embryo in any reaction se- 
quence which makes use of the citric acid cycle. The basic as- 
sumption here is of course that the enzymatic activity of a 
homogenate is a fair measure of that of the tissue of origin. On 
this basis 1 mg. of embryonic protein at this stage is capable of 
converting about 0.01 ywmole of pyruvate, or glucose, per minute 
to CO; and water by means of the cycle. For pyruvate as 


x 2.5 « 22.4 x 60 = 33, and for glucose it would be 0.01 x 
6.0 x 224 k 60 = 80. The values are to be contrasted with 
an observed Qo" (dry weight) of 10 (Fig. 199 of (1)), in oro, 
at the same stage. If this respiration is due to the oxidation of 
glucose, a reasonable assumption for this system (5, 6, 46), then 
we may compare this value, which corresponds* toa Qo,*" (pro- 
tein) of 25 directly with that obtained in this investigation. 
Tentatively then, we conclude that in the respiration of the 
embryo at this stage, the oxidation of pyruvate by the cycle, 
at least on the substrate level, is probably not the rate-limiting 
activity. 

It must be stressed that this demonstration of the presence of 
tricarboxylic acid cycle enzymes in embryonic tissues does not 
by itself permit us to assign a major share in the embryo's 
terminal metabolic activity to the cycle; it is a necessary but 
not a sufficient condition for any such activity. 

Comparison of Results with Those Obtained by Other Workers — 
Of the various activities in the embryo described here, three 
enzymes (glutamic, lactic, and succinic) have recently also 
been studied by other workers and can therefore be compared to 
a certain extent. Solomon has assayed glutamic dehydrogen- 
ase in water homogenates of embryonic tissue at different stages 
of development (7). Using the oxidation of DPNH by glu- 
tamate as his assay method, he found patterns of enzyme de- 
velopment (with respect to specific and total activity) quali- 
tatively similar to those reported here. Quantitatively, the 
specific activities found by him for extracts of 4 day embryos 
and 10 day livers were | and 0.4 min.“ 
as compared to our values of 6 and 2, which were obtained with 
a different strain, a different homogenization technique, and a 
different assay procedure. More recently Solomon has pub- 


*4 day embryos have an approximate wet weight of 100 mg. 
and a dry weight of 5 mg.; their protein content is approximately 
2 mg. 
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lished a brief account (8) which indicates patterns for lactic and 
malic dehydrogenase that are qualitatively similar to those ob- 
served here. In another investigation Scevola and DeHRarbieri 
(9) assayed sucrose homogenates, and fractions obtained there- 
from, of 5 and 10 day embryos for lactic and succinic dehydro- 
genase by means of manometric assay techniques. The different 
stages of the preparations, as well as the difference in assay 
method used, make difficult a direct, absolute comparison of 
their findings with ours. Three features of their data, however, 
lend support to similar observations already reported here: 
(a) lactic dehydrogenase in the whole homogenate and the 8, 
increases about 4-fold going from the 5 to 10 day embryo or its 
tixsues, (b) specific succinic dehydrogenase activity on the other 
hand decreases during this period, and (c) a significant fraction 
of the succinic dehydrogenase activity appears also in the sol- 
uble fraction of their 5 day homogenate (~20 per cent). 

Possible Relationships to Embryonic Development—Some char- 
acteristic facts have emerged even from the use of the crude 
technique of measuring activities in homogenates or subcellular 
fractions of whole embryos. The studies on the four enzymes 
described here indicate that the period around the 3rd day of 
embryonic development appears to be of considerable signifi- 
cance. The peak of specific activity on a protein or wet weight 
basis is reached during this period; thereafter, until the 10th 
day, these parameters decline. The rate of elaboration of these 
enzymes per individual embryo is at least as rapid (lactic dehy- 
drogenase) or more rapid (malic, glutamic, and fumarase) than 
the average rate of synthesis of all embryonic protein until some 
point during this period and less rapid thereafter. These ob- 
servations are not unique. Solomon has independently found 
essentially the same results, at least for glutamic dehydrogenase 
(7); Moog has tabulated similar findings on peaks of specific 
activity of arginase, aminopeptidase and alkaline phosphatase 
(3), whereas Levy has stressed the abrupt nature of the transi- 
tions in the accumulation rates for aminopeptidase, dipepti- 
dase, cytochrome oxidase and DPN which occur around the 
4th day (45). All these observations point out that during 
this phase the embryo undergoes an important transition. It 
is tempting to equate this transition with the enzymatic prereq- 
uisite for the change-over from carbohydrate to lipid as the 
principal energy source known to occur around the 4th day 
(6, 46). Inability to perform the transition successfully, for 
whatever reasons, may be the primary cause for the fatalities 
known to occur during this “early critical period” of embryonic 
development around the 4th day (47-49). 

In studies on the whole embryo we are of necessity observing 
not the enzymatic activity of the “average embryonic cell,” 
for this is a meaningless concept, but the average enzymatic 
activity of all cells, ic. those actively engaged in enzyme accu- 
mulation as well as those in which the enzyme content cither 
remains constant or even declines. Thus it is obvious that 
these rapid and critical fluctuations in enzyme content and /or 
activity must be much more pronounced in those groups of cells 
or embryonic areas which are primarily responsible for the emer- 
gence of these specific changes above the nonspecific “noe” 
or background represented by the enzymatic activity of cells 
not so affected. Perhaps it will be possible to identify and iso- 
late those areas in the early embryo which show the most pro- 
nounced and abrupt changes in the patterns of enzyme de- 
velopment, in the hope of being able to equate them with areas 
of significance in embryonic development and differentiation (3). 
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Spratt has already found that the node is as active a region 
metabolically, as tested by cytochemical techniques (tetrazo- 
lium or tellurite reduction by glucose) (2) as it is in growth, 


1. A homogenization and fractionation technique has been 
devised which utilizes a poly vinylpyrrolidone-sucrose-tris(hydrox- 
ymethy)laminomethane medium suitable for avian tissues and 
applicable to embryonic materials. 

2. The presence has been demonstrated of diphosphopyri- 
dine nucleotide-specifiec lactic, malic and glutamic dehydrogen- 
ases, of ferricyanide-reducing succinic, a-ketoglutaric and 
pyruvie dehydrogenase activities, of triphosphopyridine nu- 
cleotide-specific isocitric and malic enzymes, and of fumarase 
and aconitase, in homogenates of 4 day-old chick embryos, and 
of 10 day livers and hearts. Some evidence has also been 
obtained for the presence in the 10 day liver of both a diphos- 
phopyridine nucleotide-specific isocitrie dehydrogenase and con- 
densing enzyme. 

3. Total protein, fumarase, glutamic, lactic, and malice de- 
hydrogenase have been estimated in whole homogenates of 
early avian embryos, and in the subcellular fractions obtained 
from these homogenates at various stages of embryonic devel- 
opment between the 2nd and 7th day: 

(a) The specifie lactie dehydrogenase activity is approxi- 
mately equal to 0.1 pmoles min.-' mg.~' protein at 36 
hours and reaches a maximum of approximately 0.4 wmoles of 
substrate oxidized X min.-' < mg.~' protein on the 4th day of 
incubation. It then declines to about 0.25 umoles x min. x 
mg.~' at 6 days. These changes are a reflection of corre- 
sponding changes in the enzyme localized in the soluble cyto- 
plasmic fraction. This fraction also accounts for most of the 
total activity at all stages; the specific enzymatic activity in 
the supernatant portion reaches a maximum of | wmole x 
min.~' < mg.~' at 36 hours. 

(6) Fumarase and malic dehydrogenase show quite similar 
developmental patterns. Maximal specific activities in the 
whole homogenate are reached at about the 3rd day of ineuba- 
tion and decline slowly at longer incubation times. The maxima 
reached are: for fumarase ~0.09 ymoles min.~' mg.~' and 
for malie dehydrogenase ~0.12 ymoles mg.~'. 
The broad peaks of specific activity of the enzymes are accounted 
for by simultaneous decreases in the soluble, and increases in 
the mitochondrial fraction. 

(c) Glutamic dehydrogenase appears to be of a lower order 
of activity, and never exceeds 0.009 wmoles min.’ mg.-' 
of the whole homogenate protein. The activity peak which 
occurs on the 3rd day appears to be produced by simultaneous 
changes in the slowly sedimenting and soluble fractions. 

(d) While the amount of protein per embryo appears to in- 
crease smoothly and exponentially during the period from 2 
to 64 days of incubation, all the enzymes studied show two dif- 
ferent exponential accumulation rates, one characteristic for 
the early stages of development (periods <3 days) and one for 
the subsequent period, with a break or discontinuity around 3 
days. During the early phase, all enzymes studied, with the 
possible exception of lactic dehydrogenase, accumulate in the 
embryo with first-order rates equal to or exceeding that of pro- 
tein in general; in the second phase only malic dehydrogenase 
accumulates as rapidly as protein. 
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Krebs’ Cycle Enzymes in Chick Embryo. I1 
(e) The relative distribution of the total protein among the chondrial, mainly microsomal, and nonsedimentable) remains 
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Synthesis of a »1, 3-Linked Glucan by Extracts of 
Phaseolus aureus Seedlings” 
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the synthesis of a number of naturally occurring 

(1-4) as well as polysaccharides (5-8). Uridine ‘aaa 
p-glucose forms the 8-1 ,4-linked cellulose in extracts of Aceto- 
bacter zylinum (6), and liver preparations mediate the formation 
of the a-linked polymer, glycogen (8), from the same sugar nu- 
cleotide. It has now been found that extracts from mung bean 
wedlings can catalyze the transfer of p-glucose from UDP-glu- 


cose' to form a polysaccharide consisting of p-glucose residues 
combined by 8-1, 3-glycosidic linkages. 
EXPERIMENTAL 


Substratee—UTP and UDP-glucose were obtained from the 


were kindly furnished by Dr. E. W. Putman of this laboratory. 
UDP-glucose labeled with C" in the p-glucose moiety was syn- 
thesized by incubating UTP and C'-labeled a-p-glucose-1-phos- 
phate in the presence of UDP-glucose pyrophosphorylase from 
yeast (9). This pyrophosphorylase was kindly furnished by Mrs. 
A. Munch-Petersen, of the Fibiger Laboratorict, University of 
Copenhagen. Laminaran, laminarobiose, laminarotriose, and 
laminarotetracse were gifts from Dr. W. J. Whelan of the Lister 
Institute, London. Laminarodextrins were prepared by heating 
a 4 per cent solution of soluble laminaran in 0.5 » HC! at 100° 
for 20 minutes. The partial hydrolyzate so obtained contained 
»-glucose and a homologous series of oligosaccharides ranging in 
degree of polymerization from 2 to greater than 7. 

Soluble cellodextrins were prepared from acetolysis products 
of cellulose (10) by deacetylation with sodium methylate (11). 
The p-glucose was removed from the mixture by dixplacement 
chromatography on Dareo G-6O celite (12). Cellotriose and 
cellotetracse were isolated from the soluble cellodextrins by 
chromatography on large sheets of Whatman 3MM filter paper. 

Maltotricse, ixomaltose, and omaltotriose were gifts of Dr. 
S. Schwimmer of the Western Utilization Research and De- 
velopment Division of the United States Department of Agri- 
culture, Albany, California. v-Allose was obtained through the 
courtesy of Mr. D. Rammiler, Department of Biochemistry, 


* This investigation was supported in part by « research grant 
(Neo. A-1418) from the United State« Public Health Service, 
National Institutes of Health, Bethesda, Maryland, and by a 
research contract with the United States Atomic Energy Com- 
mission. 

'The abbreviations ued are: UTP, uridine triphosphate; 
UDP-glucose, uridine dipho«phate o-glucose; Tris, trie(hydroxy- 
methyl) aminomethane. 


University of California, Berkeley, California. Leucrose was 
obtained from Dr. F. Stodola, Northern Regional Research 
Laboratory, Peoria, Illinois. 

Emulsin (8-glycosidase) was purchased from the Nutritional 
Biochemicals Company. It was used at a final concentration of 
0.5 per cent in 0.025 « sodium acetate solution, pH 5.0. This 
enzyme preparation was devoid of a-glucosidase activity under 
the conditions of the test. 

of Phaseolus aureus were aerated under water for 18 hours at 
23°. They were then drained and grown for 3 to 7 days in the 
dark, being supported on cheesecloth which was kept moist with 
a 0.0001 « solution of KH,PO,, MgSO, and Ca(NO,),. 50 gm. 
of germinated seedlings were collected and blended with 70 ml. 
of 0.01 « sodium and potassium phosphate, pH 7.0. The ho- 
mogenate obtained after filtering the slurry through cheesecloth 
was centrifuged at 5000 x g for 5 minutes and the precipitate 
disearded. The supernatant solution was centrifuged at 
20,000 x g for 25 minutes. The precipitate so obtained was 
resuspended in the buffer, and again centrifuged at 20,000 x g 
for 25 minutes. The precipitate was then suspended in 3 ml. 
of 0.1 Tris buffer, pH 7.0 (“particulate transferase”). 

The particulate preparation was shaken with 6 ml. of a 1 per 
cent solution of digitonin and centrifuged at 20,000 x g for 25 
minutes. The supernatant liquid was fractionated with solid 
ammonium sulfate, and the fraction precipitating between 35 
and SO per cent saturation was dissolved in 10 mil. of 0.01 u 
Trix buffer, pH 7.0. Ammonium sulfate was added to 50 per 
cent saturation, and the precipitate obtained was redissolved in 
0.5 mi. of O.1 w Tris buffer, pH 7.0. This enzyme solution 
(“solubiliaed transferase"’) usually lost its activity after remain- 
ing at O for several hours. However, it could be kept active 
at —10° for periods of up to 2 weeks, even after having been 
frozen and thawed several times. The activity of different 
enzyme preparations was extremely variable, ranging from 20 
to SS per cent incorporation of the radioactive glucose from UDP- 
glucose into the polymer. 

Preparation of “Transferase” from Other Plantse—Parsley 
(Petroselinum hortense), Zucchini squash (Cucurbita pepo, medul- 
lesa), cabbage (Brassica oleracea), and spinach (Spinacia olera- 
cea) were purchased at a local market. “Particulate transferase” 
was prepared from these plants by the same method as described 
for mung bean seedling». 

Separation and Identification of Products of Reaction—Paper 
electrophoresis was carried out on strips of oxalic acid-washed 
Whatman No. | filter paper in the apparatus deseribed by Crest- 
field and Allen (13). 
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Reducing oligosaccharides were separated on circular chro- 
matograms (14) using 24 cm. disks of Whatman No. | filter paper 
with a solvent mixture consisting of n-propanol-water-ethyl 
acetate, 7:2:1 (15) at 37°. Evaporation of the solvent from 
the periphery of the paper allowed chromatography to proceed 
until the solvent reservoir was empty. Thus glucose could be 
made to travel to the edge of the paper by proper choice of 
solvent volume. With such asystem the series of laminarodextrins 
up to laminaroheptaose could easily be resolved in 5 to 7 hours. 

Oligosaccharides were detected with a p-anisidine phosphate 
spray (1 gm. of p-anisidine phosphate in 140 ml. of 70 per cent 
ethanol). 

Glass capillary tubes of 1.2 to 1.5 mm. diameter were used as 
reaction vessels (16) in all reactions conducted in volumes of 100 
pl. or less. 

Nucleotide spots on paper were located by contact printing on 
Kodak standard contact paper, using a Germkill lamp as a 
source of ultraviolet light (17). 

Radioactive spots on paper were located by means of auto- 
radiography, using Eastman No-Screen x-ray film, and counted 
with a Tracerlab rate meter. Under the conditions employed, 
1 we. of glucose adsorbed on Whatman No. | filter paper was 
equivalent to 95,000 c.p.m. 

Detection of Enzyme Activity—The enzymatically formed 
polymer was detected as material which was 


I 
Relative efficacy of various activators of polymer formation 

The standard assay system was used, with a different activator 
in each case. The final concentration of activator in the reaction 
mixture was 0.02 m. The following carbohydrates caused no sig- 
nificant activation: p-allose, p-fructose, p-galactose, p-mannose, 
L-sorbose, p-glucuronic acid, p-glucosamine, a-p-glucose-1-phos- 
phate, L-arabinose, p-lyxose, p-ribose, p-xylose, amyloheptaose, 
isomaltotriose, lactose, laminaran, leucrose, melibiose, and tre- 
halose. 


Experiment* 


A None 

p-glucose 
Methyl-e-p-glucoside 
Cellobiose 

Maltose 


ey 
te 


B None 

Cellobiose 
Cellotriose 
Cellotetraose 
Isomaltose 
Laminarobiose 
Laminarotriose 
Laminarotetraose 
Maltotriose 
Salicin 

Sucrose 

Turanose | 


21, 263 
10, 153 


* Different enzyme preparations were employed in experiments 
A and B. 

t For estimation of percentage of incorporation see the text 
under “‘Detection of Enzyme Activity.” 

¢t The two numbers represent results of duplicate experiments. 
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graphically immobile and which could not be eluted from filter 
paper with water or organic solvents. This property was utiliaed 
in the assay of enzyme activity. 

The usual assay mixture consisted of 0.0375 ymole of UDP- 
glucose of specific activity 4 x 10° ¢.p.m./smole, 0.5 ymole 
of MgCl,,? 0.5 wmole of cellobiose, 1 wmole of Tris buffer, pH 
7.0, and enzyme, in a total volume of 25 gl.’ After incuba- 
tion at 23° for 30 minutes the reaction mixture was spotted onto 
a disk of filter paper and dried, and the spotted arca was counted 
for radioactivity. The filter paper disk was then washed on a 
vacuum filter with about 500 ml. of water followed by 530 ml. of 
ethanol, dried, and its radioactivity determined again. The 
ratio of (counts after washing) /(total counts applied to paper) 
was taken as a measure of the degree of incorporation of radio- 
active p-glucose into insoluble polymer. This rmtio will be 
referred to as “percentage of incorporation.” It was invariably 
zero at zero time, as well as with boiled enzyme controls, or when 
radioactive a-p-glucose-|-phosphate or p-glucose was substituted 
for UDP-glucose. 

Activator Requirement—The “particulate transferase” was ca- 
pable of catalyzing polymer formation when incubated with 
UDP-glucose alone. When “solubilized transferase” was used, 
polymer formation occurred only when certain carbohydrates, 
in addition to UDP-glucose, were added to the reaction mixture. 
A list of these “activators” with their relative efficacy ix pre- 
sented in Table I. The effect of activator concentration on 
polymer formation is shown in Table II. 

Chromatographic examination of standard reaction mixtures 
containing “solubilized transferase,” MgCl», and UDP-glucose 
alone revealed that only a very small proportion of the UDP- 
glucose (approximately 5 per cent) had been degraded and that 
p-glucose was the only degradation product. Disappearance of 
UDP-glucose in the reaction mixtures supplemented with an 
activator occurred to a much greater extent. Prolonged incuba- 
tion of higher concentrations of UDP-glucose than those used in 
the standard reaction mixture, in enzyme digests from which the 
activator was omitted, yielded a «mall amount of polymer, pre- 
sumably due to hydrolytic liberation of a sufficient quantity of 
p-glucose from the UDP-glucose to serve as an activator. 

To eliminate the possibility that a «mall quantity of p-glucose 
could have been liberated from glucosides by glucosylases present 
in “solubilized transferase” to cause activation, the following 
sugars were incubated for 30 minutes in the standard reaction 
mixture (with the omission of UDP-glucose): salicin, a-methyl- 
glucoside, cellobiose, cellotriose, maltose, and sucrose. When 
the digest was subsequently examined by chromatography no 

In order to ascertain whether activator was incorporated into 
the polysaccharide the following experiment was performed. 
Unlabeled UDP-glucose (0.0023 was incubated with 0.023 
C™Alabeled p-glucose (5000 ¢.p.m.) in the standard assay «vstem 
for 60 minutes; the reaction mixture was then chromatographed 
and an autoradiogram prepared. No formation of radioactive 
polymer was observed. Under these conditions, as little as 0.5 
per cent of p-glucose incorporation into the polysaccharide 
should have been detected. No incorporation of p-glucose was 


*Since a small stimulating effect was sometimes obverved 
with addition of MgCl,, it was routinely included in the reac. 
tion mixtures. 

* The pH of all solutions used in the reactions was adjusted to 
neutrality before mixing. 
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Taste Il 
Effect of activator concentration on polymer formation 
A Celllobiose 0.0015 0.025 6 
0.00285 a2 
| | 0 17 
0 4 
o-Glucese 0.0015 0.025 
| 0.0025 6 
0 on10 15 
| 0 00025 3 
c »Glucsse 0.00085 0.23 
9 
D p-Glucose 0 0085S 0.2 
a1 
0.0023 1s 


* Experiments A and B were run using the same standard assay 
system, except for changes in activator concentration = In expert. 
ments C and D, the following conditions were used: U DP glucose 
and p-glucose concentrations as indicated in the Table, with 0.5 
amole of MgCl», 2.5 smoles of Tris buffer, pH 7.0, and enzyme, in 
a volume of 45). Incubation was carried out for ® minutes. 

t For estimation of percentage of incorporation, see the text 
under “Detection of Enzyme Activity.” 


observed in similar experiments in which the UDP-glucose and 
p-glucose concentrations were varied as follows: UDP-glucose, 
0.0023 p-glucose, 0.0023 or 0.115 UDP-glucose, 0.023 
p>-glucose, 0.000085 0.0023 0.023 or 0.115 w. 

Metal Requirement— The results in Table IIL show that certain 
chelating agents caused partial or complete inhibition of polymer 
formation, indicating that the reaction requires the presence of a 
heavy metal. Thie appears to be the first time that a heavy 
metal dependence has heen observed in a transglyecevlation 
reaction. 

Products of Reaction—The data in Table IV show that the 
reaction of polymer formation from UDP-glucose is accompanied 
by a release of UDP from the substrate. The UDP appeared 
to be rapidly dephosphorylated by phosphatases present in the 
enzyme preparation, which were only partially inhibited by KF. 

Preparation of Polymer — Radioactive polymer was prepared by 
incubating at 23° 0.6 gmole of UDP-glucose (1.6 10° p.m.), 
10 pmoles of cellobiose, 20 pmoles of MgCl, 30 wmoles of Tris 
buffer, pH 7.0, and 1.4 mg. of “solubilized transferase” protein 
in « total volume of 0.74 ml. Approximately 40 per cent of the 
radioactivity had been incorporsted inte insoluble polymer within 
5) minutes, after which the reaction did not proceed any further. 
The reaction mixture was inactivated by heating at 100° for I 
minute and then centrifuged. The precipitate, containing de- 
natured protein and radioactive polysnccharide, wae washed 
several times by suspension in water and centrifugation, and it 
was resuspended in 0.3 ml. of water. Paper chromatography of 
an aliquot of the solution showed the presence of nonmobile 
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Taste Ill 
Effect of chelating agents on polymer formation 
“Solubilised transferase’’ was used in the standard assay sys- 
tem, with addition of 5,1. of either water or 0.02 w chelating agent 
(final concentration, 0.0083 ). 


Chelating agent 
None 2s 
a ,@'-DipyridyL 17 
Phenanthroline. 6 
Hydroxyquinoline. 6 
Ethylenediaminetetraacetic acid. 0 


© For estimation of percentage of incorporation see the text 
under “Detection of Enzyme Activity.” 


Taste IV 
Products of polymerization reaction 

The complete system contained radioactive UDP glucose, 0.37 
pmole (1500 ¢.p.m.), cellobiose, 0.5 smole, MgCl», 0.5 smole, Tris 
buffer, pH 7.0, | smole, and enzyme in a total volume of 30 gl. 
In Reaction A 5 smoles of KF were added. After incubation at 
for minutes the mixture was separated elect rophoretically 
in potassium formate buffer, pHi 3.6. The radioactive spots were 
counted on both sides of the paper and the results averaged. The 
nucleotides were eluted and their concentration was determined 
by the optical density of the eluate at 200 mye (pH 7), corrected 
for the paper blank, and caleulated on the basi« of a molar extine- 
tion coefficient of 99 10’. 


Nucleotides released? 
UMP 
A (with KF) z3 
B (without KF) 0 25 
counts at origin + counts in UDP-glucose. 
UMP or UDP 


Caleulated + UDP + UDP-glucese. 


material only. Treatment of this material with 6s HCl at 100° 
for 30 minutes did not alter its chromatographie behavior. 

Partial H ydrolyns of Polymer aliquot of the polymer sus- 
pension containing from 5 to 10 x 10° «p.m. of radioactive ma- 
terial was transferred to a glass tube sealed at one end and con- 
centrated under reduced pressure. Approximately 0.5 ml. of 
concentrated hydrochloric acid saturated with HC! gas at — 18° 
was then added, and the tube was sealed and immersed immedi- 
ately in a 23° water bath. After 10 minutes the contents of the 
tube were diluted with 10 volumes of water and the HCl removed 
in a vacuum desiccator over KOH. 

When the hydrolyzate was chromatographed by the method 
previously deseribed, glucose, a series of seven oligosaccharides, 
aml a chromatographically nonmobile material were obtained. 
When series of cellodextrins, known to possess the 3-1,4- 
configuration, were compared chromatographically with the oli- 
obtained by hydrolysix of the synthetic poly- 
saccharide, their Ry values proved to be different. However, the 
oligosaccharides prepared by partial hydrolysix of the poly- 
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saccharide, laminaran, which has a §-1,3-configuration (18), 
showed an identical chromatographic behavior with those de- 
rived from the radioactive synthetic polymer. Each oligosac- 
charide of the radioactive series co-chromatographed with a 
corresponding member of the laminaran series. The oligosac- 
charide series obtained by partial hydrolysis of the synthetic 
polymer prepared with “particulate transferase” was indis- 
tinguishable from that prepared with “‘solubilized transferase.” 

The individual radioactive oligosaccharides were eluted from 
a chromatogram of a portion of the hydrolyzate, and each of the 
first three members of the radioactive series was mixed respec- 
tively with laminarobiose, laminarotriose and laminarotetraose. 
An electrophoretogram run in sodium borate buffer 0.005 u, pH 
9.2, for 2 hours at 46 volts per cm. showed that each of the mixed 
pairs of oligosaccharides were identical. Under these conditions, 

migration of compound . 
the a, ( ee or ) values (19) for the three oligo- 
saccharides were 0.70, 0.59, and 0.56. 

Chemical Constitution of Disaccharide Obtained from Synthetic 
Polysaccharide—The 1,3-linkage between the pv-glucose units 
was determined by degradation of the radioactive disaccharide to 
p-arabinose. Charlson and Perlin (20) have shown that oxida- 
tion with lead tetraacetate, of a reducing disaccharide having a 
1 3-linkage between the two residues in which the reducing moi- 
ety is glucose, produces arabinose. 

Radioactive disaccharide was eluted from a chromatogram 
and the aqueous solution concentrated to dryness, after which 1 
mg. of laminarobiose carrier in 10 yl. of water was added and the 
mixture diluted to 0.1 ml. with glacial acetic acid. The solution 
containing the disaccharide material was oxidized with 5 mg. of 
lead tetraacetate dissolved in 0.4 ml. of glacial acetic acid. The 
reaction was allowed to proceed for 10 minutes at 28° and then 
stopped by the addition of 0.2 ml. of glacial acetic acid con- 
taining 2 mg. of oxalic acid. The precipitate which formed was 
discarded, the supernatant liquid diluted with 1.5 ml. of water 
and shaken with 0.2 gm. Dowex 50 (acid form) to remove residual 
lead ions. The reaction mixture was then concentrated to 
dryness in a vacuum desiccator, taken up in 0.5 ml. of 1 x HCI, 
held at 100° for 30 minutes, and again concentrated to dryness. 
The residue was chromatographed on a circular chromatogram 
from which an autoradiogram was subsequently prepared, and 
the pentose band was eluted. The presence of radioactive 
arabinose in the eluate was established by two-dimensional co- 
chromatography in phenol-water and butanol-acetic acid-water, 
followed by autoradiography. The unlabeled arabinose derived 
from the added carrier of laminarobiose was detected by the rose 
color it produced with aniline phthalate. Thus the demonstra- 
tion that arabinose was formed from the radioactive disaccharide 
on oxidation with lead tetraacetate shows that the two p-glucose 
units in the disaccharide are combined by a 1 ,3-linkage. 

Configuration of Glycosidic Linkages of Polymer—The 8-type of 
glycosidic linkage of the radioactive oligosaccharides obtained by 
partial hydrolysis of the polymer was established by the fact that 
treatment with emulsin produced glucose. The individual 
radioactive oligosaccharides dissolved in 25 yl. of water were 
mixed with 25 yl. of a 1 per cent solution of emulsin in 0.05 
sodium acetate, pH 5.0, and after addition of a small drop of 
toluene incubated at 30° for 18 hours. The reaction mixtures 
were then chromatographed in the usual manner. In every case 
glucose appeared to be the sole product of degradation. Degra- 
dation of the radioactive tri-, tetra- and pentasaccharides with 
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emulsin for shorter times vielded in each case the lower member 
of the series, as well as glucose. 


occasionally revealed the presence of variable quantities of oligo- 
saccharides and glucose. These oligosaccharides were shown by 
chromatography and electrophoresis to be identical with those 
obtained by partial acid hydrolysis of native laminaran. Incu- 
bation of radioactive polymer with “solubilized transferase” for 
18 hours resulted in the formation of laminarotriose, laminaro- 
biose, and p-glucose. Incubation of laminaran with this en- 
zyme preparation also resulted in the formation of laminarodex- 
trins and p-glucose. Under the same conditions, cellodextrins 
were degraded much more slowly. It may be concluded that 
mung bean preparations containing the “transferase” also con- 
tain the hydrolytic enzyme, laminarase. Such an enzyme has 
previously been reported in plant extracts (21). 

Formation of Polymer by Particulate Preparations from Other 
Plants—“Particulate transferase” prepared from cabbage, pars- 
ley, spinach, and zucchini squash was incubated at 23° for 1 hour 
with 0.06 umole of UDP-glucose (1.6 « 10° ¢.p.m.), 0.5 pmole of 
cellobiose, 0.5 wmole of MgCl», and 2 wmoles of Tris buffer, pH 
7.0, in a total volume of 50 wl. The quantity of particles used 
was that obtained from 0.4 gm. (wet weight) of plant material. 
The percentages of incorporation of p-glucose from UDP-glucose 
into polymer by the four preparations were as follows: cabbage, 
35; parsley, 32; spinach, 50; and squash, 45. 

At the end of the incubation period the suspension was cen- 
trifuged. The precipitate, consisting of particles and radioactive 
polysaccharide, was washed several times with water. It was 
then treated with fuming HCI, and the partial hydrolyzate was 
chromatographed, as previously described when the polymer was 
prepared with mung bean “solubilized transferase.” The radio- 
active oligosaccharides (degree of polymerization, 2 to 7) were 
chromatographically identical with those obtained from a partial 
hydrolyzate of laminaran. 

Treatment of these oligosaccharides with enulsin for 24 hours 
led, in each case, to a total hydrolysis to glucose. Thus the 
polymers formed from UDP-glucose by particulate preparations 
from cabbage, parsley, spinach, and squash appear to be identical 
with that produced by mung bean solubilized transferase, 
namely, 3-1 ,3-linked glucan. 


DISCUSSION 


The chemical structure of the polysaccharide synthesized from 
UDP-glucose by the soluble enzyme preparation from mung 
beans appears to be identical with that of the naturally occurring 
8-1, 3-linked glucan, laminaran. 
clature suggested by Hoffmann-Ostenhof (22), this enzyme may 
be named “UDP-glucose--1,3 glucan transglucosylase.”’ 

The presence of oligosaccharides with a degree of polymeriza- 
tion greater than 8 in the hydrolysis products of the synthetic 
polysaccharide indicates that the degree of polymerization of the 
original polymer must be greater than 9. The fact that treat- 
ment of the radioactive polymer with 6 HC! caused no degrada- 
tion suggests that its molecular weight ix high, possibly of an 
order of magnitude similar to that of cellulose, which is also not 
hydrolyzed under these conditions. On the other hand, lam- 
inaran, which has a much lower degree of polymerization (18), is 
extensively hydrolyzed under milder conditions, 

Since the p-glucose in UDP-glucose ix a-glucosidically bound, 
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the formation of a 3-linked polymer must proceed with inversion 
of configuration, in contrast to glycogen (8), trehalose phosphate 
is retained. Synthesis of cellulose from UDP-glucose by the 

A. zylinum enzyme (6), as well as of other complex saccharides 
(4, 7, 23), also requires inversion of the type of linkage. 

The role of the activator in the transfer reaction is at present 
not clear. Experiments carried out with p-glucose-C™ as an 
activator indicate that it is not incorporated into the polymer. 
Furthermore, the quantity of activator required for polymer 
synthesis is much greater than would be expected if it were 
functioning as a primer, as in the case of glycogen synthesis by 
muscle phosphorylase (24). If the activator were incorporated 
into the polymer, experiments in which the ratio of activator to 
UDP-glucose was small should have produced polymer, and 
experiments in which this ratio was large should have resulted in 
the formation of and of polymer 
formation. However, the data in Table II show that an increase 
in activator concentration resulted in an increase of polysac- 
charide production and not in formation of oligosaccharides. In 
one experiment, as much as 71 per cent of the p-glucose from 
UDP-glucose was incorporated into polymer when the ratio of 
activator to UDP-glucose was as high as 270. 

Glaser (7) has similarly observed that N-acetylghucosamine 
stimulates the synthesis of chitin from UDP-N-acetylighucosa- 
mine, although it is not incorporated into the polymer. It is 
poxtible that an active intermediate is formed by transfer of 
p-glucose from UDP-glucose to the activator, from which the 
glucose ix subsequently transferred to form polymer, as follows: 
UDP-glucose + activator — UDP + glucose-activator. The 
active substrate would then form polysaccharide: n glucose-acti- 
vator — glucose, + n activator. In this connection, Leloir (25) 
has suggested that trehalose formed from UDP-glucose may be 
the actual substrate for glucan synthesis in yeast. Another 
possibility is that the activator combines with the enzyme and 
brings it into a reactive state without actually participating in 
the reaction. 
3-1,3-Linked glucans are found in some brown algae (lami- 
naran) (18) and in yeast (glucan) (26). Lichenan, a polysac- 
charide occurring in Iceland mos and oats, ix an unbranched 
3-glucan in which 1,4- and 1,3-linkages occur together in the 
same molecule, their ratio being between 2:1 and 3:1 (27). No 
1,34linked glucan has been hitherto reported in higher plants. 
The presence of an enzyme system in mung bean seedling» and in 
other plants which can effect «ynthesis of a 3-1,3-linked poly- 
saccharide, and of a laminarase capable of hydrolyzing such a 
polymer, leads one to suspect that 6-1,3-linked p-glucose poly- 
mers may be present in the tixeues of these plants. 
UDP-glucose-8-1 ,3-glucan transglucosylase in higher plants 
may be responsible for the synthesis of the 3-1 ,3-linkages of 
lichenan (27). Such a hypothesis presupposes an accditional 
enzyme system capable of catalyzing the formation of the 3-1 ,4- 
linkages in this polysaccharide either from UDP-glucose or from 
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some other substrate by an ordered pattern. A similar 1 ,4- 
transferase might likewise be responsible for the formation of the 
glycosidic linkage in cellulose. However, various plant extracts 
tested in this laboratory did not produce polymer from UDP- 
glucose with linkages other than 3-1,3. It is possible that other 
transferases present in the plant may cither have been inacti- 
vated during the enzyme preparation, or might not have acted 


due to lack of proper substrate. 
SUMMARY 


A soluble enzyme preparation was obtained by digitonin treat- 


from uridine diphosphate p-glucose with the liberation of uridine 


diphosphate. 

The reaction for polymer formation requires an activator, 
which does not appear to be incorporated into the product. 
p-glucose and a number of p-glucosides were able to serve as 
activators. 

Partial acid hydrolysis of the polymer with acid produced a 
series of oligosaccharides of degree of polymerization from 2 to 8 
which were chromatographically identical with those present in 
a partial hydrolysate of the 3-1,3-linked polysaccharide, lam- 
inaran. The di-, tri-, and tetrasaccharides from the hydrolyzate 
of the synthetic polymer were found to be electrophoretically 
indistinguishable from laminarobiose, laminarotriose, and lam- 
inarotetraose, respectively. 

The oligosaccharides obtained from the synthetic polymer were 
completely hydrolyzed with emulsin to glucose, indicating that 
the glycosidic linkages are of the -type. 

Chemical degradation of the disaccharide with lead tetra- 
acetate produced arabinose, showing that the disaccharide is 
linked through the | and 3 positions of the two p-glucose units. 
It is concluded that the p-glucose residues in the polysaccharide 
are joined by 8-1 ,3-glycosidie linkages. 

The enayme, uridine diphosphate p-glucose-2-1 , 3-glucan trans- 
glucosylase, present in mung beans was also found in particles 
prepared from cabbage, parsley, spinach, and auechini squash. 

The presence of a laminarase in the mung bean enzyme prep- 
aration has also been demonstrated. 


It has recently come to the attention of the authors that the 
presence of a 3-1 ,3linked glucan in higher plants has been es- 
tablished by Aspinall and Kessler (Aspinall, G. O., and Kessler, 
G., Chem. and Ind., London, 1206 (1957). Kessler, G., Ber. 
schweiz. bot. Gea. 6B, 5 (1958)). These workers showed that 
the polysaccharide callose, ixolated from the sieve plates of the 
phloem of grape vines i a 3-1 .3-linked glucan. 


Acknowledgment—The authors wish to thank Dr. D. E. Green 
for his valuable suggestions. 
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Pyruvate Metabolism 
II. RESTORATION OF PYRUVATE UTILIZATION IN HEART SARCOSOMES BY a-(+)-LIPOIC ACID* 
Oscan K. 
From the Department of Physiological Chemistry, The Johns Hopkins University School of Medicine, Baltimore, Maryland 
(Received for publication, June 9, 1958) 


In connection with investigations of pyruvate metabolism (3) 
in this laboratory, preparations of rat heart sarcosomes have been 
described that under suitable conditions metabolize pyruvate and 
concomitantly produce large amounts of citrate (1). Observa- 
tion of the rate of pyruvate disappearance and citrate formation 
in such preparations, in the presence of several selected inhibitors, 
disclosed that one of these inhibitors, y-(p-arsenosopheny!)-n- 
butyrate, could be used to institute a highly effective block for 
this process, whereas a second inhibiting substance, p-chloro- 
mercuribenzoate, was less effective. The action of the latter 
agent was prevented by monothiols such as glutathione or 
cysteine, but inhibition by the arsenoso compound was not 
affected in the presence of either of these reagents. Such results 
pointed to a rather specific site of attack by the arsenese com- 
pound. This view was strengthened by the observation that the 
dithiol, 6,8<dimercaptooctanoie (dihydrolipoic) acid, known to 
be a cofactor in the bacterial pyruvate oxidation system (4), 
readily and effectively reversed the inhibition by the arsenoso- 
phenylbutyrate, more completely in fact than 2,3-dimercapto- 
propanol, which indeed was found to be somewhat inhibitory 
to the enzyme system concerned. The further observation that 
the addition of the oxidized form of a-(+)-lipoie acid (thioetic 
acid), in place of dihydrolipeate, also restored activity in the 
arsenoso-inhibited system led to the postulation that this co- 
factor might be playing an essential role in rat heart sarcosomes 
possibly similar to its function in certain nonmammalian systems. 
These observations are extended in the present communication 
with the additional demonstration that the reactivation effect 
described for the oxidized form of lipoie acid is stereospecific, 
in the sense that relief of the inhibition of acrobie pyruvate 
utilization in this instance by the arsenosophenyl compound is a 
property only of the dextrorotatory isomer of a-lipoie acid, the 


* This investigation was supported by Research Grants No. 
CY and No. CY-3186 from the National Cancer Institute, 
National Institutes of Health, United States Public Health Serv- 
ice, to The Johns Hopkins University. The paper (1), “Pyru- 
vate metabolism in heart sarcosomes; inhibition by an arsenoso 
compound and reactivation by lipoic acid,” is considered to be 
Paper I of thi« series. A preliminary report of this work was pre- 
sented before the American Society of Biological Chemists at 
Philadelphia, April 1958 (2). 

+ The author wishes to thank Dr. Leslie Hellerman for encour- 
agement and valuable suggestions. This paper represents a con- 
tinuation of the work described in Paper I in which the author 
participated under the tenure of a research fellowship from the 
American Heart Association. The technical assistance of Carolyn 


levo-enantiomorph being inert in this particular system. Inhi- 
bition of the enzymatic activity was achieved with the arsenoso 
reagent at less than | x 10°* wm, and was dependent under the 
experimental conditions upon the concentration of the enzyme. 


EXPERIMENTAL AND RESULTS 


Reagents—The materials used were obtained as reported pre- 
viously (1). Crystallized bovine plasma albumen was obtained 
from the Armour Laboratories. a-Ketoglutarie acid was re- 
erystallized from ethyl acetate and petroleum ether and melted 
at 115°. We are grateful to Dr. Kari Folkers and to the Medical 
Division of Merck and Company for samples of a-(+)- and 
a-(—)-lipoie acid and to Dr. Lester J. Reed for samples of 
synthetic dl-lipoie and dihydrolipoie acids. Solutions of the 
appropriate acids were freshly prepared for each experiment. 
The acids were dissolved in 0.1 to 0.2 ml. of 0.1  Tris' buffer, 
pH 8.1, and diluted to volume with water. 

Physical Characteristics of a-Lipoic Acids | sed—The observed 
melting points of the acids used are listed in Table I; the fol- 
lowing values are recorded in the literature: a-(+)-lipoie acid, 
46.0-48.0°; a-(—)-lipoie acid, 45.0-47.5°; dl-lipoie acid (race- 
mate), 50.0-61.0° (5-7). The ultraviolet absorption coefficients 
for the a-lipoie acids dissolved in ethanol were determined in the 
Beckman model DU spectrophotometer (Table 1) at 330 my 
with slit width of 0.5 mm.; the corresponding literature values 
vary from 140 to 170 (5, 8). The various a-lipoie acids were 
examined by deseending paper chromatography in butanol 
saturated with water (9). The locations of the compounds were 
visualized after a spraying with brom cresol green or by exami- 
nation under ultraviolet light with the use of a Mineralite lamp. 
The specific rotations of the lipoic acids were obtained in benzene 
solutions, the a-(+) and a-(—) acids as 1.98 and 0.53 per cent 
solutions, respectively. Recorded values vary from 96.7-113°, 
depending on concentrations (5, 6). The value —68° for the 
levorotatory isomer would indicate a purity of 70 per cent. 
However, on the basis of other physical data and the chemical 
behavior after reduction with sodium borohydride (see below), 
it appears likely that the 30 per cent optically inactive material 
consisted mostly of the racemate of the a-lipoie acids. The 
biological data presented later are in accord with such an as- 
sumption. 

Reduction of Lipoic Acid— The method of Gunsalus and Razzell 
(10) was modified as follows: 1 mg. of a-lipoic acid was placed in 
1 ml. of water containing 2 drops of 1 « Tris, pH 8.1. Sodium 


' The abbreviation used is: Tris, tris(hydroxymethy!)amino- 
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Taste I 
Characteristic data for experimental materials used 
For details see ‘Experimental and Results.”’ 


Pyruvate Metabolism. II 


Acids Melting point? Rr Thiol assay? 
dl-a-Lipoie acid... 0.91 | 130 85. 2-87 .6§ 
a-(+)-Lipoic acid. .47.5-48.5° 0.90 | 128 +100° | 84.6-88.8§ 
a-(—)-Lipoic acid 46.5° 0.909 140 —é6s° 82.6§ 
dl-Dihydrolipoic 

941.0 
2,3-Dimercapto- 
90.1 
2-Thioethanol...... 98.5 
* Uncorrected. 
tcm.~ mole. 
} Determined by titration with o-iodosobenzoate; see the text. 


§ After reduction with borohydride; see ‘“‘Experimental and 
Results.” 


borohydride, 20 mg., was added and the mixture was permitted 
to remain in a water bath at 30-35° for 10 minutes, and then the 
mixture was cooled to 0° and acidified to Congo red with sulfuric 
acid. The solution was extracted twice with 3 ml. of ethyl 
acetate and the solvent removed in a stream of nitrogen. The 
residue was dissolved in 10 ml. of iced water and stored in a 
glass-stoppered flask under nitrogen. The solution of dihydro- 
lipoic acid, kept at 4°, lost 1 per cent of its activity in 24 hours. 

Dihydrolipoic acid and other thiols were determined by titra- 
tion with o-iodosobenzoate, as described by Hellerman et al. 
(11). 0.002 ~ 0-iodosobenzoate and 0.005 x Na38.0,; were used; 
the results as the percentage of theoretical sulfhydryl content 
are listed in Table I. 

Incubation of Rat Heart Sarcosomes—Preparation of the rat 
heart sarcosomes has been described previously (1). The 
incubation medium consisted of 20 wmoles of Tris buffer, pH 
8.0, 5 wmoles of potassium phosphate, pH 7.5, 10 uwmoles of 
MgCh, 5 wmoles of potassium fumarate, pH 7.4, 5 wmoles of 

potassium pyruvate (1), pH 6.8, 1 umole of adenosine-5’-phos- 
males 0.015 umole of cytochrome c, and 0.1 ml. of the mitochon- 
drial suspension, all made to a volume of 1.3 ml. with 1.15 per 
cent KCl. The particle suspension contained 0.25 sucrose, 
0.001 potassium ethylenediaminetetraacetate,0.003 Mm potassium 
phosphate, pH 6.8, and 1.5 mg. of mitochondrial nitrogen per ml. 
The final pH was 7.0. Incubation was carried out in a Dubnoff 
shaker in air at 34° for 90 minutes. For inhibition studies 
vessels were kept at 0° until all components had been added. 
For reversal studies the reaction mixtures were treated with the 
reagent to be tested after the addition of an inhibitor and sub- 
sequent incubation for 10 minutes or more? The reactions were 
stopped with 0.2 ml. of 37.5 per cent trichloroacetic acid. 

Analytical Methods—Pyruvate and citrate were determined as 
specified previously (1). Protein concentrations were routinely 
determined by the biuret method which was standardized by 
means of the Kjeldahl procedure. The following conversion 


? Although reactivation by reduced lipoic acids and by a-(+)- 
lipoic acid usually was tested after 10 minute incubation of the 
sarcosomes with an inhibitor, significant restoration was observed 
also in a few control experiments after initial treatment for 30 
minutes with arsenosophenylbutyrate. 


1.6 
1.4 


0.8 
0.6 
04 
0.2 


OPTICAL DENSITY 


MOLES SULFHYDRYL REAGENT X 10’ 


compounds to p-arsenosophenylbutyrate in vitro. Potassium 
p-arsenosophenylbutyrate was 1.67 X 10°* ™ in 0.1 M potassium 
phosphate, pH 7.4. The final volume was3 ml. X—— x, dihy- 


drolipoic acid at 251 ms; @——-@, 2-thicethanol at 247 my. 


factor was used: milligrams of mitochondrial nitrogen © milli-. 
grams of crystallized bovine albumen (biuret standard) x 0.85. 

Interaction of Dihydrolipoic Acid and y-(p-Arsenosophenyl)- 
n-Butyrate—It was found that the product of addition of die | 
hydrolipoic acid to a solution of the potassium salt of the arseno- 
sophenylbutyric acid in 0.1 m phosphate, pH 7.4, exhibits a 
distinct absorption maximum at 251 me and a minimum at | 
about 233 my. When 0.5 umole of the arsenoso compound in 
3.0 ml. is treated with increasing amounts of sulfhydryl com- 
pound, it is found (Fig. 1) that the optical density at 251 mg 
increases linearly until 0.57 umole of dihydrolipoic acid (11.4 x | 
10~ equivalent of sulfhydryl) has been added, after which it 
remains constant. This indicates that a product is formed from 
equimolar amounts of arsenoso compound and dihydrolipoie 
acid. The apparent requirement for a slight excess of the titrant 
points to the oxidation of some dihydrolipoic acid during the 
operations. The comparable product formed when 2-thicethanol 
is used has an absorption maximum at 247 my; at its absorption 
maximum the optical density does not show a linear relation- 
ship (Fig. 1), indicating a lesser degree of association with p- 
arsenosophenylbutyrate. It appeared feasible to utilize the 
linear relationship for the dihydrolipoic-arsenoso combination in 
a rapid assay for the dihydrolipoic acid, particularly since oxi- 
dized lipoic acid absorbs only minimally at 251 my, and mono- 
thiols that possibly might interfere do not exhibit linear com- 
bination. 

Relationship between p-Arsenosophenylbutyrate Concentration 
and Inhibition of Pyruvate Utilization and of Citrate A ppearance— 
When the percentage of inhibition of citrate formation is plotted 
against the concentration of arsenoso reagent (Fig. 2) the curve 
indicates 50 per cent inhibition at 0.010 wmole of the arsenoso- 
phenylbutyrate per mg. of enzyme nitrogen, or 0.37 yg. per mg. 
of enzyme protein. In the usual incubation volume of 1.3 
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MICROMOLES x 105 
Fia. 2. Inhibition of citrate formation by p-arsenosophenyl- 
butyrate. Abscissa, arsenoso compound per mg. of enzyme nitro- 
gen. @——@, 0.17 mg. of mitochondrial nitrogen present; 
A——A, 0.13 mg. of mitochondrial nitrogen present; x——xX, 


0.12 mg. of mitochondrial nitrogen present. For procedure see 
“Experimental and Results." The percentage of inhibition = 
gmoles of citrate with inhibitor + smoles of citrate in control X 
100. 


ml. this represents a concentration of p-arscnosophenylbutyrate 
of 1.2 x 10°* sw. The points of this curve were obtained within 
the limits of 1.2 to 1.7 mg. of enzyme nitrogen per ml. of particle 
suspension in a range where optimal citrate production is ob- 
tained. The fairly good agreement of the experimental points, 
with the best curve fitted to them, indicates that the degree of 
inhibition effected by the arsenoso reagent is most likely a fune- 
tion of the ratio of inhibitor to enzyme nitrogen. Pyruvate 
utilization by the mitochondria is inhibited by the arsenoso 
compound to the same extent as citrate accumulation. 
Reactivation by Dihydrolipoic Acid—In an earlier communica- 
tion (1) the extent of restoration of pyruvate utilization and 
citrate formation was studied after inhibition by 5 x 10-* w 
p-arsenosophenylbutyrate (43 umole of arsenoso com- 
pound per mg. of sarcosomal nitrogen). Reactivation by 
dihydrolipoie acid and by a-lipoie ackl showed consiklerable 
variation from one preparation to another; for these experi- 
ments, therefore, the inhibitor concentration was reduced to 
25 x 10°* uw (21.5 x 10°* pmole of inhibitor per mg. of ni- 
trogen); results then were much more uniform, with the observed 
values varying 15 to 20 per cent between preparations. For 
studies of reactivation by dihydrolipoie acid, a-lipoie acid was 
reduced immediately before use and the concentration of dithiol 
form was determined by titration as outlined. As seen in Fig. 
3, a 30 per cent restoration of citrate formation could be observed 
with 3 molecular equivalents of dihydrolipoie acid with respect 
to the arsenose compound, and a 65 to 75 per cent reactivation 
with a 10-fold excess. Pyruvate utilization was found to be 
restored similarly. Here the reactivation was not dependent 
upon the configuration of dihydrolipoie acid used; the dextro- 
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DIHYDROLIPOIC ACID M xX" 1 
Fig. 3. Restoration of citrate accumulation by dihydrolipoic 
acids. p-Arsenosophenylbutyrate for inhibition, initially 2.5 < 
10°* uw. For incubation procedure and order of addition see “‘Ex- 
perimental and Results.”" The percentage of restoration = 


pmoles of citrate formed (after reactivation) + wmoles of citrate 


formed (control) X 100. @—— @, I-dihydrolipoic acid; A——A 
d-dihydrolipoic acid; X——X dl-dihydrolipoie acid. 


PER CENT RESTORATION 


50 


OS 10 20 


d-LIPOIC ACID M X 10° 

Fie. 4. Restoration of citrate accumulation by a-lipoie acids 
(disulfide forms). Initial concentration of p-arsen yl- 
butyrate, 25 X 10°* w. For incubation procedure and order of 
addition see “Experimental and Results." The percentage of 
restoration = ymoles of citrate formed (after reactivation) + 
pmoles of citrate formed (control) X 100. @——@, a-(+)-lipoic 
acid; A, dl,a-lipoie acid; X ——-X , a-(—)-lipoie acid. 


rotatory form (obtained by reduction of the a-(—)-lipoie acid 
(12)) was observed to be fully as active as the levorotatory form. 
The equally effective reaction by the |, dor dl forms of reduced 
(dihydrolipoic) acid confirms the chemical evidence that the 
impurity present in the a-(—)-lipoie acid (disulfide form) used 
in this investigation was principally the racemic mixture, dl-a- 
lipeie acid. 

Reactivation by a-Lipoic Acid—A 45 and 65 per cent restora- 
tion of pyruvate utilization and citrate production are effected, 
respectively, by a 40- and 100-fold excess of a-(+)-lipoie acid 
(disulfide form) per mole of arsenoso reagent (Fig. 4). This 
reactivation is specific for the dextrorotatory form. The some- 
what impure levorotatory material used here at 5.0 x 10-* w 
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causes the same degree of reactivation as 0.7 x 10~‘ m authentic 
a-(+)-lipoic acid. This would indicate a 14 per cent content 
of a-(+)-lipoic acid in the levorotatory reagent, consistent with 
the conclusion reached earlier that this a-(—)-lipoic acid con- 
tains 30 per cent of the racemic mixture. The dl form of lipoic 
acid is 50 per cent as active as the a-(+) form in the lower con- 
centration range. 


DISCUSSION 


The effective inhibition of the pyruvate oxidase system by 
y-(p-arsenosophenyl)-n-butyrate and the restoration of the 
activity by dihydrolipoic acid pointed to the formation of a stable 
derivative involving these two reagents. The spectrophoto- 
metric data of Fig. 1 would indicate the formation of a highly 
associated mole for mole combination of the arsenoso compound 
and disulfhydryl lipoic acid. This is in marked contrast to a 
similar process involving instead a monothiol such as 2-thio- 
ethanol (1). The formation of a stable heterocyclic-ringed 
derivative (13) from the dithiol would constitute a rather highly 
specific interaction. This conclusion is supported strongly by 
the observation that pyruvate utilization and citrate formation 
are inhibited approximately 50 per cent by 10~* m arsenoso- 
phenylbutyrate (Fig. 2), whereas inhibition by p-chloromercuri- 
benzoate requires 25 times this concentration of the mercurial. 
Moreover, the fact that the arsenoso inhibition is not released by 
monothiols such as glutathione or cysteine would provide addi- 
tional evidence for the stability of the product. Conversely, 
the facility of removal of the biochemical block by dihydrolipoic 
acid is explicable on the ground that the dithiol compound, by 
interaction with the supposed inhibitor to lipoate complex at the 
enzymatic site at which the lipoic acid is postulated to be rather 
tightly bound to the enzyme-protein, would free the catalytic site 
for normal activity. This particular release of inhibition is not 
stereospecific (Fig. 3). Removal of the arsenoso component here 
is not specific and enzymatic. Indeed, the reversal of this 
inhibition is effected to some extent by 2,3-dimercaptopropanol. 

On the other hand, the reactivation by the oxidized trimethyl- 
enedisulfide form of lipoic acid is stereospecific, being accom- 
plished in these sarcosomes only by the dextrorotatory isomer 
(Fig. 4). The latter observation points to the involvement of 
an enzymatic action in the restorative process. This is not 
necessarily contradicted by the observation that in sarcosomes 
treated with a relatively large excess of the arsenoso compound 
the restoration of activity by a-(+)-lipoic acid becomes more 
difficult, inasmuch as the excess arsenoso compound might be 
expected to inhibit additional enzymatic sites less readily re- 
stored by the trimethylene disulfide. The bacterial pyruvate 
oxidase system (4) is stated to include a lipoate transacetylase 
through which an acetyl group is transferred to coenzyme A from 
acetylthiomercaptolipoic acid, and in addition it includes the 
enzyme lipoate dehydrogenase, which is required after this 
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transfer for the reoxidation of dihydrolipoic acid by DPN. The 
lipoie transacetylase was found (4) to be stereospecific with 
respect to the dextrorotatory isomer, whereas the dehydrogenase 
exhibited no such specificity. In the heart system under in. 
vestigation here, the added a-(+)-lipoic acid might have acted 
to replace the lipoic acid that had been removed by interaction 
with the arseno reagent. That a large excess of a-( +)-lipoic acid 
is required for reactivation is not inconsistent with usual experi 
ence that in cofactor replacements additions in excess of physio 
logical concentrations often are required. Moreover, 10 times 
the quantity of citrate is formed that would be produced stoichio- 
metrically by the a-(+)-lipoic acid added, and it might be 
concluded that the lipoic acid acts as a catalyst in these observa- 
tions of reactivation. 

An alternative explanation for restoration of activity is sug- 
gested by certain observations of Sanadi and Searls (14), who 
found that lipoic dehydrogenase associated with a mammalian 
a-ketoglutaric oxidase requires specifically a-(+)-lipoie acid. 
If this were true also for heart pyruvic oxidase it would follow 
that lipoic dehydrogenase here could reduce only the a-(+) 
isomer to dihydrolipoic acid, and this compound in turn might 
remove the inhibitor from bound and inactivated lipoic acid or 
conceivably some other similar enzymatically active site. 

While complete evidence is not yet available as to the nature 
of the enzymes involved in mammalian pyruvate oxidation, the 
data presented here suggest that lipoic acid is involved and fur- 
ther that the a-(+) form of lipoic acid is required in the fune- 
tioning of one or more of the enzyme-proteins concerned. 


The inhibition of the pyruvate oxidase system of rat heart sar- 
cosomes by -(p-arsenosophenyl)-n-butyrate has been investi- 
gated in detail. The extent of inhibition has been correlated 
with the amount of sarcosomal nitrogen present. Under the 
experimental conditions a 50 per cent inhibition of pyruvate 
utilization and citrate formation was observed with 1.2 x 10-* u 
arsenoso reagent. Cumulative evidence relating to the char- 
acteristics of this inhibition has suggested the involvement of 
lipoie acid in the heart mammalian pyruvate oxidase system. 
Spectrophotometric evidence is presented that the arsenoso com- 
pound combines in vitro mole for mole with dihydrolipoic acid to 
form a highly associated heterocyclic derivative. 

We found previously that activity could be restored to the 
arsenoso-inhibited pyruvate oxidase system by the addition of 
the oxidized trimethylene disulfide form of a-lipoic acid, as well 
as by dihydrolipoic acid. Reactivation by the disulfide now is 
demonstrated to be stereospecific for a-( + )-lipoic acid, although 
no such specificity is observed for the dimercapto form. The 
to the involvement of lipoic (thioctic) acid in pyruvate metabo- 
lism in rat heart mitochondria. 


3. Werneacn, E. C., Lowe, H. J., Farsec., W. R., ann 
man, L., J. Biol. Chem., 188, 779 (1951). 


by a significant decrease in this substrate. This decrease, simi- 
larly to the utilization of pyruvate described earlier in this paper, 
can be stopped by the arsenosophenylbutyrate reagent. Keto- 
glutarate metabolism is restored on the addition of dihydrolipoate, 
and to some extent also with a-(+)-lipoic acid. These findings 
will be extended; the estimation of lipoic acid content in mito- 
chondria of normal tissue and malignant cells is to be undertaken. 


Vol. 233, No. 4B 


4. ¢ 


5. \ 


6. 1 


7.1 


8. 


SUMMARY | 


No. 4 October 1958 

4 Gensaces, L. C., in W. D. McEtaor anv B. Grass (Editors), 
«With The mechaniam of enzyme action, Johns Hopkins Press, Bal- 
nase timore, 1954, p. 545. 
er in-* 5 E., Waonen, A. F., Bacnecon, F. W., Perenson, 
acted L. H., Hour, F. W., ano Fouwens, K., J. Am. Chem. Soe., 
TT, Si44 (1955). 
racid> 6. Reep, L. J., Gunsates, C., Scunaxenpenc, G. H. F., 
‘peri Soren, Q. F., Boaz, H. E., Kean, 5. F., ano Panxe, T. V., 
1Vsio- J. Am. Chem. Soc., 76, 1267 (1953). 
times | 7. Homneencen, C. S., Ja., R. F., Gonsares, 1. 
C., Scunaxennenc, G. H. F., Reeo, L. J.,/. Am. Chem. 
it be Soc., 76, 1273 (1953). 
rva- | 8. Catvin, M., ano J. A., J. Am. Chem. Soe., 74, 

6153 (1952). 

who 
slian 
cid? 
llow 
(+) 
ight 
or 
lure 
the 
fur- 
ine- 


RS EAE S 


O. K. Reiss 


9. Ree, L. J., ano DeBus, B. G., Federation Proc., 13, 723 

(1954). 

10. Gunsacus, I. C., ann Razzett, W. E., In 8. P. Cotowick 
N. O. Kaptan (Editors), Methods in enzymology, Vol. 
Ill, Academic Press, Inc., New York, 1957, p. 941. 

Il. L., F. P., ano P. A., J. 
Am. Soe., 68, 2551 (1941). 

12. Gunsatus, I. C., L. 8., Gaoper, W., J. Am. 
Chem. Soe., 76, 1763 (1956). 

13. Stockxes, L. A., ano TuHomrson, R. H. 8., Biochem. J., @, 
535 (1946). 

M4. Sanant, D. R., ano Seants, R. L., Biochim. et Biophys. Acta, 
24, 220 (1957). 

15 Sanaovt, D. R., J. W., ano Bock, R. M., J. Biol. 
Chem., 197, 851 (1952). 


793 J 
| 
| 
| 
| 
| 
i 


Aldono- and Uronolactonases of Animal Tissues* 


James WINKELMAN AND L. Lennincer 


From the Department of Physiological Chemistry, The Johns Hopkins University, School of Medicine, Baltimore, Maryland 
(Received for publication, June 16, 1958) 


Recent investigations suggest that lactones of certain sugar 
acids may be intermediates in the enzymatic formation of L-as- 
corbic acid from p-glucose. The major enzymatic steps in 
this process include conversion of p-glucose to p-glucuronic acid, 
the reduction of p-glucuronic acid to t-gulonic acid, and the 
oxidation of L-gulonic acid to L-ascorbic acid, itself a lactone 
(1-6). In cell-free enzyme preparations from animal tissues 
both the free acid anions and y-lactones of p-glucuronate and 
L-gulonate can serve as substrates (4-6), although such prepara- 
tions are capable of hydrolyzing lactones (4). On the other 
hand, in enzyme preparations from plant tissues, the lactones 
of these intermediates are more active, particularly in the oxida- 
tion of L-galactono-y-lactone to L-ascorbate by a mitochondrial 
enzyme from peas and cauliflower, which does not utilize free 
L-galactonate as substrate (7, 8). 

These anomalous findings on the intermediates of ascorbic 
acid synthesis in animal versus plant preparations, as well as 
the apparent differences in metabolism of p-glucuronolactone 
and p-glucuronic acid (9-11), have prompted a more thorough 
study of the enzymatic hydrolysis (4) and formation of the 
lactones of those sugar acids which are pertinent to the enzymatic 
formation of L-ascorbic acid and also t-xylulose. This paper 
reports the occurrence of two distinct lactonases of animal tis- 
sues, differing in tissue distribution, intracellular location, and 
substrate specificity. One of these enzymes hydrolyzes y- or 
6-lactones of a number of aldonic acids, but not p-glucurono-y- 
lactone; the other enzyme does not attack aldonolactones but 
does hydrolyze p-glucurono-y-lactone and may be responsible 
for the hydrolytic action of liver slices and homogenates on this 
compound (12). These enzymes do not appear to be identical 
with the gluconolactonase found by Brodie and Lipmann in 
bacteria, yeast, and animal tissues (13), the function of which 
appears to be the hydrolysis of 6-phosphogluconolactone pro- 
duced during oxidation of glucose-6-phosphate. 


EXPERIMENTAL AND RESULTS 


Lactonase Assay Conditions—The activity of the lactonases 
was followed by manometric measurement of CO, evolution 
from a bicarbonate buffer system in Warburg manometers as 
the lactones were hydrolyzed to the corresponding acids (4). 
For the aldonolactonase measurements the Warburg vessels 
contained 0.04 mw NaHCOy,, and 0.06 m aldonolactone in the main 
compartment, and tissue homogenate or enzyme fractions in 
the sidearm, with a total volume of 2.0 ml. After gassing with 
95 per cent N25 per cent CO,, which produces a final pH of 
7.55, the vessels were equilibrated at 25° for 10 minutes. The 
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ment, and readings of CO, evolution were taken at 5 minute 
intervals for 30 minutes. A control vessel containing no enzyme 
was always included to determine the rate of the appreciable 
nonenzymatic hydrolysis of the lactones; all activity values re 
ported in this paper were corrected for the nonenzymatic rates, 
p-gulono-y-lactone was ordinarily used as a test substrate for 
aldonolactonase measurements because of its relatively high 
activity and availability. 

The uronolactonase activity was measured in the same manner 
with 0.04 p-glucurono-y-lactone as standard substrate. Cor- 
rections were also made for nonenzymatic hydrolysis. The 
manometric methods outlined were considered to be simpler 
and more satisfactory than colorimetric measurement of the 
hydroxamic acid derivatives of the lactones used by Brodie 
and Lipmann (13) and Eisenberg and Field (12). 
optimal for the two lactonases. The basic parameters of the 
uronolactonase activity of washed rat liver microsomes (see 
below) are shown in Figs. |-4. The optimal pH (Fig. |) is 
between 7.5 and 8.0; however, more precise measurements were 
hindered by the limited pH range of the bicarbonate buffer 
system and the increase of the nonenzymatic hydrolysis rate 
with pH. The K.. (Fig. 2) was found to be approximately 8 X 
10-* st for p-glucuronolactone. It is seen from Fig. 3 that CO, 
evolution is linear with time for an extended period when a 
standard amount of enzyme is used. The data summarized 
in Fig. 4 show that the standard assay conditions yield linearity 
of CO, evolution with enzyme concentration up to a rate of 70 
ul. of CO, per 5 minute interval. 

Similar experiments carried out with a soluble fraction of rat 
liver containing the aldonolactonase (but no uronolactonase 
activity) revealed nearly identical optimal conditions; the A. 
for p-gulonolactone was found to be higher and thus the presence 
of 0.08 m p-guloholactone was required to saturate the enzyme 
in the standard test system. The Michaelis constants for various 
aldonolactone substrates varied with structure; A. for p-gulone- 
y-lactone was 1.65 10°* for L-gulono-y-lactone, 6.0 
10°? and for L-galactono-y-lactone, approximately 2.1 
10°? 

Distribution of Lactonases in Rat Liver Fractions —Both lacto- 
nases are present in rat liver (see below). By means of the 
assays described above the distribution of the lactonase activities 
in rat liver subcellular fractions was measured after fractiona- 
tion of 0.25 x sucrose homogenates by the method of Schneider 
(14). The results are shown in Table [ in terms of the per- 
centage of the total activity of the unfractionated homogenate 
recovered in the individual subcellular fractions. It can be seen 


704 


(et 
that 
The 
not 
| frac 
Bet 

of t 

ca 

can 

cell 

enzyme preparations were then tipped into the main compart ar 

mut 
hve 
cothe 

Ivte 

Co 

mt 

ena 

ck 
| whi 

of } 
of t 
peti 

the 

be 

she 

firn 

the 

she 
how 

lac 

by 
atts 

sul 

th 

eve 
pre 

wit 

all 

or 
latt 
ton 
cat 

tact 
| ot! 
= | Pe 


AA 


FF. 


October 1958 


that the two lactonases have rather different distribution. 
The uronolactonase is present in the microsome fraction but is 
not detectable in the mitochondria or in the soluble fraction. 
On the other hand, the aldonolactonase is present in the soluble 
fraction, but is absent from the mitochondria and microsomes. 
Both activities were present in the nuclear fraction, but because 
of the visibly high proportion of unbroken cells in this fraction, 
caused by use of a relatively loose homogenizer, no conclusion 
can be drawn concerning the true content of the lactonases in 
cell nuclei. 

The possibility that the uronic lactonase was contained in 
lysosomes was investigated. Wattiaux and de Duve (15) de- 
«tribe lysosomes as a class of cytoplasmic granules devoid of 
mitochondrial or microsomal enzymes but containing “masked” 
hvdrolytie enzymes such as glucuronidase, ribonuclease, and 
others whose activity can be released by addition of certain 
lvtie agents. It was found that Triton X-100 (Rohm and Haas 
Company) in optimal concentration for the release of the other 
hydrolases did not cause the appearance of lactonase activities 
in the mitochondrial fraction or increase that of the whole homog- 
enate or the microsomal fraction. 

Evidence described below indicates that the activity of al- 
donolactonase in tissue fractions increases on heating or standing, 
which suggests the possible existence of a heat-labile inhibitor 
of protein nature (16) which might affect the quantitative assay 
of this enzyme. Alternatively, an enzyme catalyzing a com- 
peting side reaction of the lactone could have been destroved 
by heating. 

Tissue Distribution of Lactonases in Various Species—With 
the assay methods described, lactonase activities of various tis- 
sues of several mammals were measured (Table II). It can 
be seen that in the rat, only the liver, out of all the tissues tested, 
shows significant activity of p-glucuronolactonase, which con- 
firms the finding of Eisenberg and Field (12). Similarly, in 
the rabbit, guinea pig, dog, hog, cow, and monkey only the liver 
showed the uronolactonase activity ; slight activity was observed, 
however, in the guinea pig adrenal. 

Assavs on the aldonolactonase activity of different animal tis- 
sues were carried out with three different substrates, namely, 
p-calactono-y-lactone, p-gulono-y-lactone, and t-gulono-y- 
lactone. Because a variety of aldonolactones are hydrolyzed 
by rat liver preparations (see below), whereas uronolactonase 
attacked only p-glucuronolactone, it appeared possible that 
substrate specificities which might vary in their tissue distribu- 
tion. It can be seen (Table II) that the aldonolactonase activity 
is present in the liver and kidney of all species tested. How- 
ever, the ratio of activities against the three substrates is ap- 
proximately constant in all tissues tested. This is consistent 
with the view that there is only a single lactonase active against 
all three substrates. The enzyme is not present in heart, brain, 
or musele; little or none is present in the adrenal glands. The 
latter timues of the single monkey tested, however, did show 
measurable amounts of the enzyme. 

Substrate Specificity of Lactonases—The specificity of the lac- 
tonases was tested with a variety of lactones and esters. The 
data collected in Table IIT show that the heated soluble fraction 
of rat liver, which has no hydrolytic activity with p-glucurono- 
lactone, catalyzes the hydrolysie of a number of lactones of 
other sugar acids, including the y-lactones of the aldonic acids 
D enlactonic, D- and L-gulonic, D-arabenic, and p-ribonic, and the 
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Lactonase activities of subcellular fractions of rat liver 
| Total activity* 
Fraction tested 
Aldonolactonase Uronolactonase 
| % % 
Whole homogenate.................... 100 100 
Nuclei and unbroken cells inenaee a4 33 
Microsomes + soluble................ | 83 91 


* Activity of whole homogenate taken as 100 per cent. The 
absolute activities of rat liver homogenates are indicated by values 
listed in Table IT. 


é-lactones of p-gluconic acid and p-glucoheptonic acid. There 
was slight activity with pt-pantoyllactone, propiolactone, and 
triacetin but no activity with y-butyrolactone, ethyl butyrate, 
or ethyl acetate. The limited number of compounds tested 
does not permit any definitive conclusions as to the specificity 
of the aldonic lactonase. Since homogenates of different organs 
from a number of species show relatively constant activity to- 
ward p-galactonolactone and p- and t-gulonolactone, and since 
heating the rat liver enzyme preparation does not change the 
relative activities against the three substrates, it appears prob- 


triacetin, suggests the presence of another enzymatic activity, 
but certainly not simple liver esterase activity because of the 
complete lack of action on ethyl acetate and ethyl butyrate. 

None of the aldonic acid lactones listed above was attacked 
by washed rat liver microsomes, which contain activity against 
p-glucurono-y-lactone. Unfortunately no other uronolactones 
were available to test. The hydrolysis of y-butyrolactone, 
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Tasie II 
Distribution of aldonic and uronic lactonase 
activity in various tissues 


Data are expressed in terms of microliters of CO; evolved per 
mg. wet weight of tissue per hour at 25°, after correction for non- 


enzymatic hydrolysis. 


lactone 
pl. /mg 
19.2 


oe 


*e 


— 

— 


* Macaca philippinensis. 


ethyl butyrate, ethyl acetate, and triacetin by microsomes was 
found not to be a function of the p-glucurono-y-lactonase ac- 
tivity, since heating the microsomes at 50° for 30 minutes al- 
most completely destroyed activity against p-glucurono-y- 
lactone (Table III) but did not affect the action on the simple 
esters, the hydrolysis of which may well be caused by the esterase 
of rat liver (17). 

The specificities of the lactonases described here seem to be 
quite different from those described for the yeast glucono- 
lactonase described by Brodie and Lipmann (13), which does 
not attack p-glucurono-y-lactone and p-gulono-y-lactone, the 
characteristic substrates of the enzymes described here. 
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Ill 
Substrate specificity of lactonases 


Washed microsomes of rat liver were used for tests of the urone 
lactonase activity and heated soluble fraction of rat liver, fe 
aldonolactonase. Substrates were tested in final concentration 
of 0.08 uw. Activity is expressed as microliters of CO, evolved pe 
standard aliquot of enzyme per hour at 25°. Heated aldonolae 
tonase preparation was made by holding the soluble fraction fer 
30 minutes at 50°. Two standard aliquots of enzyme were used 
where activity was low to bring CO, evolution within the sensi. 


tivity of the assay system. 
Substrate tonase tonase 
p-Glucurono-y-lactone........_ 0.0 67 7.0 
p-Galactono-y-lactone | 460 0 
| 76 | 0 
0 
p-Arabono-+-lactone.... 100 0 
| 307 0 
p-Glucoheptonolactone........ 43.2 0 
pt-Pantoyl-y-lactone.......... 
Propiolactone................. 12 
_........ 0 | 77 77 
Ethyl acetate... | | | 
Ethyl! butyrate............ | 0 95 


Metal Requirement for Lactonase Activities —Both uronolacto- 
nase and aldonolactonase activities, like the veast gluconolacto- 
nase described by Brodie and Lipmann (13), are extremely 
sensitive to the chelating agent EDTA' which produced sub- 
stantially complete inhibition of both activities at rather low 
concentrations, as the data in Table IV show. The uronolacto- 
nase was considerably more sensitive to EDTA than the al 
donolactonase. These findings suggested that the two enzymes 
are dependent on essential divalent metal ions. 

Accordingly, attempts were made to reactivate the EDTA- 
treated lactonases with a variety of pertinent divalent metal ions. 
It can be seen in Table IV that | Mn** reactivates 
the aldonolactonase activity approximately 83 per cent after 
essentially complete inhibition by EDTA. On the other hand, 
Co**, Zn**, Fe**, and Mg** at 1 & 10°* wt showed little or no 
ability to reactivate the aldonolactonase. Similar experiments 
with uronolactonase were carried out with somewhat different 
findings. This enzyme, after nearly complete inhibition by 
EDTA, was found to be reactivated by all the divalent metals 
tested in the following descending order of activity: Co**, Mn**, 
Zn**, Fe**, and Mg**. Thus both lactonases are dependent 
on essential metal ions; the aldonolactonase seems to be specific 
for Mn**, whereas the uronolactonase is most active with Co** 
but also is reactivated by other divalent metal ions. Appro- 
priate nonenzymatic control tests showed that the metal ions 
in these low concentrations do not affect the rate of spontaneous 
hydrolysis of the lactones. 

Dependence of Lactonase Activity on —SH Groupse—Both 
lactonase activities are apparently dependent on essential —SH 


'The abbreviation used is: EDTA, ethylenediaminetetra- 
acetate. 
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| p-Gulono- -| 
Rat Ce 
144 34 0. 
kidney . | 46 | 10 | 0 0. 
heart..... | | 0 0. 
brain... | 0 0 
muscle. ... | 0 0 
Rabbit | | 
liver........ 236 i3s 25 0 
kid ne 18 0 0 0. 
heart......... | 0 0 
brain.... | | 0 0 
adrenal | 0 | | 0 0 
Guinea pig | 
liver......... | | 8.5 
brain.... 0 0 Ce 
| 0 0 0. 
1.2) | 1.2 0. 
Dog 0. 
0 0 | 
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Taste IV 


Inhibition of lactonases by EDTA and 
restoration of activity by metals 
Rat liver soluble fraction was used as the aldonolactonase prep- 
aration; washed liver microsomes, for the uronolactonase. The 
assays were carried out as described in the text, with measure- 
ments taken at 15 minutes. Divalent metals were added as 
chlorides at concentration of 0.6088 ws. 


Activity 


0.001 EDTA + Mn** 
0.001 EDTA + Co** 
0.001 « EDTA + Zn** 
0.001 EDTA + Fe** _.. 
0.001 EDTA + Mg**. 


| 


Uronolactonase 
Control. 
0.0001 EDTA. 
0.01 EDTA... 
0.0iu EDTA... 


0.0001 « EDTA + Mn**. 
0.0001 EDTA + Co** 
0.0001 EDTA Zn**__. 
0.0001 w EDTA + Fe** 
0.0001 EDTA + Mg**. 


enous | 


groups. Data in Table V show that p-chloromercuribenzoate 
at | < 10°* w inhibits both enzymes completely. However, 
when 0.005 x reduced glutathione was also added with the 
p-chloromercuribenzoate, the inhibition was completely pre- 
vented. 

Other Properties of Uronolactonase—The uronolactonase ac- 
tivity is firmly bound to the microsomes. Repeated washing 
of the microsomes failed to extract activity in soluble form, 
and there was no diminution of the activity of the washed micro- 
somes. As pointed out above, treatment of microsomes with 
Triton also failed to release the activity in soluble form. The 
enzyme was rather unstable even at 0°; approximately 86 per 
cent of the activity was lost upon standing at 0 for 3 days 
without freezing. Activity was greatly diminished after dialysis 
against dilute salt solutions and was not restored by addition 
of an extract of heated microsomes or by adding Mn**. 

Other Properties of Aldonolactonase—The aldonolactonase 
found in the soluble fraction of rat liver is very stable when 
stored at 0°, in contrast to the instability of the uronolactonase. 
Actually, upon standing at 0° there is a significant increase in 
activity; for instance, after 14 days at 0° one preparation showed 
31 per cent greater activity than it showed when first assayed. 
This behavior suggested the presence of an inhibitor of the 
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Aldonolactonase 
Control 


coos 


eee 


@ 


0.0001 « PCMB + 0.005 glutathione 
* p-Chloromercuribenzoate. 


Taste VI 
Thermal stability and thermal activation of aldonolactonase 

The soluble fraction of 15 per cent rat liver homogenate in 0.25 
“ sucrose, containing 0.01 « phosphate buffer, pH 6.0, and clari- 
fied by centrifugation at 150,000 x g for 25 minutes, was heated 
at 530° with constant stirring. Aliquots were removed at different 
time intervals, centrifuged free of coagulated protein, and the 
supernatant fractions were assayed for aldonolactonase activity. 
Protein was determined by the biuret method. 


Time of heating Total activity per aliquot Spec ithe activity 
wl /COn/ min. wl. COn/ mim./mg. protein 
0 78 285 
2 79 336 
5 44 
10 505 
» 137 1070 


enzyme which was less stable to aging than the enzyme itself; 
this suggestion was confirmed on study of the thermal stability 
of the enzyme. 

The aldonolactonase is relatively stable at 50°, as can be seen 
from the data in Table VI, which show that the activity of a 
rat liver “soluble” fraction does not diminish after 30 minutes 
at 50°, although approximately 50 per cent of the total protein 
is denatured and precipitates in insoluble form. Actually, 
the total aldonolactonase activity increases approximately 75 
per cent over the original value during the heat treatment, as 
is shown. These findings, as well as those on stability at 0° 
mentioned above, suggest occurrence of a heat-labile inhibitor 
of aldonolactonase or thermal inactivation of a competing 
enzymatic reaction. 

The relative thermal stability of the aldonolactonase and the 
release of additional activity with heating make it possible to 
achieve 4-fold purification of this enzyme simply by maintaining 
the rat liver soluble fraction at 50° for 30 minutes. Substantially 
longer periods at 50°, however, caused complete loss of the lacto- 
nase activity. 

Dialysis against dilute salt solutions did not cause loss of 
activity over 12 to 24 hour periods at 0°. 


| 
Taste V 
Effect of p-chloromercuribenzoate and reduced 
glutathione on lactonase activities 
Preparation | Activity | 
0.0001 « PCMB* ee | 
4 
Preparation 
0.001 « PCMB | | 
0.01 « PCMB | 
vlactonase 
ntrol U | 
wi EDTA 
EDTA... | | 
0.001 EDTA 
0.008 « EDTA 
| 
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DISCUSSION 

The two lactonases described in this paper differ markedly 
with respect to substrate specificity from the gluconolactonase 
of microorganisms, yeast, and rat liver (13), which does not at- 
tack the characteristic substrates of the uronolactonase and 
aldonolactonase described in this paper, namely p-glucurono-y- 
lactone and p-gulono-y-lactone respectively, although it showed 
slight activity with p-galactono-y-lactone. It is possible, 
however, that the crude aldonolactonase preparation here 
described contains some of the gluconolactonase activity of 
Brodie and Lipmann, since it can hydrolyze p-glucono-y- 
lactone at a significantly high rate. On the other hand, the 
uronolactonase preparation, consisting of washed liver micro- 
somes, does not contain gluconolactonase activity since only 
p-glucurono-y-lactone and no other lactone tested is attacked. 
Brodie and Lipmann concluded that the gluconolactonase was 
specific for the hydrolysis of the 7- and 6-lactones of 6-carbon 
aldonic acid moieties with the stereoconfiguration of p-glucono- 
lactone (13), although the slight activity these authors noted 
with p-galactono-y-lactone does not seem to conform with this 
conclusion. 

The uronolactonase described in this paper appears to be 
sharply specific, since it has no activity whatsoever on a wide 
variety of aldonolactones. Its general specificity among urono- 
lactones, however, could not be examined, because only p-glu- 
curono-y-lactone was available as a test substrate. The al- 
donolactonase of rat liver, on the other hand, attacks a variety 
of 5-, 6-, and 7-carbon aldonolactones as well as pantoyllactone 
and propiolactone. It is of interest that the aldonolactonase 
is much more active on p-gulonolactone than on the L-stereoiso- 
mer in view of the fact that the latter is the isomer specifically 
involved in enzymatic formation of L-ascorbie acid and L-xylu- 
lose (6). 

It is of interest that the two lactonases here described and 
the gluconolactonase of Brodie and Lipmann (13) share depend- 
ence on divalent metals, suggesting that the mechanism of 
lactone hydrolysis may be similar in all three cases. Each 
of the three lactonases is inhibited by EDTA, and in each case 
the activity can be restored by divalent metals. Uronolactonase 
activity is restored by Mu**, Co**, Zn**, Fe**, and Mg**; 
aldonolactonase, by Mn**, but not by Co**, Zn**, Fe**, or 
Mg**; and the gluconolactonase, by Mn**, Mg**, and Co**. 
Both the urono- and aldonolactonase activities are dependent 
on essential —SH groups; no data on the gluconolactonase are 
available. The requirement of both divalent metals and —SH 
groups may be of some significance with respect to the nature 
of the enzyme-substrate complex and the mechanism of catalysis. 

It is noteworthy that the two lactonases described hydrolyze 
the lactones of the two known sugar acids which participate in 
the enzymatic formation of L-ascorbic acid from p-glucuronic 
acid (1-6), namely, p-glucuronolactone and L-gulono-y-lactone. 
Furthermore, the lactonases are present only in those tissues 
with ability to reduce and oxidize these sugar acids in reactions 
involved in formation of L-ascorbic acid and L-xylulose, namely, 
in liver and kidney (4, 5). Because the lactonases are present 
in the tissues of those species tested which are unable to form 
L-ascorbic acid from t-gulonic acid (5), namely the guinea pig 
and monkey, it seems unlikely that genetic lack of either of the 
lactonases is responsible for failure of these animals to form 
ascorbig acid. It may be noted, however, that the aldonolacto- 
nase achivity in guinea pig and monkey tissues is relatively low 
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compared to its level in corresponding tissues of animals capable 
of synthesizing ascorbic acid. 

In rat liver preparations it has been shown that both the soluble 
fraction and microsomes, but not the mitochondria, are involved 
in ascorbic acid formation (4, 18). It is perhaps significant 
and pertinent that uronolactonase is present in the microsomes 
and aldonolactonase, in the soluble fraction; neither is present 
in mitochondria. The intracellular location of the enzymes 
involved in ascorbic acid formation is rather different in plant 
tissues; Mapson et al. have shown that the oxidative conversion 
of t-galactono-y-lactone to ascorbic acid is catalyzed by 4 
mitochondrial enzyme in both pea seeds and cauliflower (7, 8). 

Although plant tissues were not assayed for lactonase activity 
in this study, it appears very probable that an aldonolactonase 
activity was present in the plant preparations studied by Mapsoa 
and Breslow (8). 

It is not yet possible to draw any conclusions concerning 
possible participation of the two lactonases in the enzymatic 
pathway from p-glucose to L-ascorbic acid. Although protein 
fractions of liver and kidney active in the intermediate reactions 
utilize the free acids perfectly well (4-6), it is conceivable that 
one or more of the reactions involved in the reaction sequence 
(1-6) 


p-glucuronic t-guloniec — L-aseorbic 
t-xylulose 


actually proceeds only with the lactone and that the specific 
lactonases are involved in formation of lactones from the cor- 
responding free sugar acids by reversal of the hydrolytic reae- 
tions studied in this paper. There appear to be no formidable 
thermodynamic barriers to practical reversibility of the lactonase 
reaction, particularly at lower hydrogen ion concentrations where 
the lactones are much more stable. Furthermore, the absolute 
activities of the lactonases in these tissues are very much greater 
than the absolute activities of ascorbic acid-forming enzymatic 
steps (4, 5). It is also pertinent that L-ascorbiec acid, the end 
product, is itself a lactone, and thus a lactonizing step, either 
enzymatic or nonenzymatic must intervene at some point. The 
enzymatic formation of lactones from sugar acid anions and 
the requirement of these intermediates in enzymatic formation 
of L-ascorbic acid are being investigated further. 


SUMMARY 


The properties and distribution of two lactone-hydrolyzing 
enzymes active against lactones of sugar acids are described. 
Uronolactonase, found in the microsomes of rat liver but not 
in the soluble fraction, hydrolyzes p-glucurono-y-lactone but is 
inactive against a wide variety of aldonolactones. Aldono- 
lactonase, found in the soluble fraction of rat liver but not in 
microsomes, hydrolyzes y- and 6-lactones of a variety of 5, 
6-, and 7-carbon aldonic acids. These enzymes are not identical 
with the gluconolactonase of Brodie and Lipmann, which is 
inactive against characteristic substrates of uronolactonas 
and aldonolactonase. 

Uronolactonase is found only in the liver and aldonolactonase, 
in the liver and kidney of rat, rabbit, guinea pig, dog, hog, cow, 
and monkey. Both enzymes are inhibited by ethylenediamine- 
tetraacetate. The inhibition is relieved by Mn**, but not 
by Mg**, Co**, Zn**, and Fe** in the case of aldonolactonase 
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and relieved by Mn**, Mg**, Zn**, Co**, and Fe** in the case The significance of these lactonases in the enzymatic con- 
of uronolactonase. Activity of both enzymes is dependent on version of p-glucuronic acid to L-ascorbie acid and t-xylulose 


esential —SH groups. 


in animal and plant tissue is discussed. 
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The Presence of Phosphatidic Acid in Animal Tissues* 
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” Phosphatidic acids were recognized as distinct compounds 
when Chibnall and Channon (1) isolated a phosphatidic acid 
from cabbage leaves in 1927. The presence of phosphatidic 
acid in animal tissues in rivo has not been demonstrated. Daw- 
son (2) obtained evidence for the presence of a phosphatidic 
acid in incubated brain dispersions, but none was detected in 
fresh tissue. Marinetti e al. (3-5) found a phospholipide in 
animal tissues which had chromatographic properties and an 
infrared absorption spectrum similar to but not identical with 
those of distearoyl and dipalmitoyl phosphatidic acids. These 
workers were of the opinion that this phospholipide was not a 
phosphatidic acid but was a closely related substance. 

The experiments reported here were prompted by the un- 
certainties regarding the natural existence of phosphatidic acids 
in animal tissues and by our earlier findings (6) that acctyl- 
choline stimulated the incorporation of P® into a highly labeled 


lipide from brain and pancreas slices which was presumed to be | 


a phosphatidic acid since it yielded glycerophosphate by the 
hydrolysis method of Dawson (2). 


EXPERIMENTAL 


Preparation of P™-Labeled Phosphatidic Acid—\n the experi- 
ments in vitro, pancreas slices and guinea pig brain cortex slices 
were incubated as described previously (7, 8). 


were incubated for 2 hours at 37° in 8.0 ml. of a medium which 
contained 500 we. of P®, 0.012 w NaF, and other constituents 
required for maximal oxidative phosphorylation (2), as described 
elsewhere (9). 

In the experiments in vivo, albino mice which weighed between 
10 and 20 gm. were given an intraperitoneal injection of 0.5 to 
1.0 me. of P® per 10 gm. They were killed either 1 or 3 hours 
after the injection. The tissues were immediately removed and 
homogenized in 5 ml. of ice-cold 5 per cent trichloroacetic acid. 


silicic paper with ketone-acetic 


* This work was aided by grants from the United Cerebral 
Palsy Research and Educational Foundation, Inc., and from Eli 


Lilly and Company. 


under nitrogen and the residues were then redissolved in 10 ml. 


with 

a final volume of 1 mi. of ethanol in a 25 mi. Erlenmeyer 
and of palladium black (11) were added. After 
flushing with nitrogen, hydrogen was passed into the flask, and 


Identification of Phosphatidic Acid in Systems in Vitro— 
Chromatography of the phospholipides from pancreas slices, 
brain cortex slices, and cytoplasmic particulate fractions of 
brain, all of which had been incubated with P®, revealed in each 
case a fast-moving radioactive lipide which had an R, similar 
to that of phosphatidic acid. This fast-moving «pot was eluted, 
hydrolyzed by the method of Dawson (2), mixed with a mixture 
of equal parts of a- and 8-glycerophosphates, and submitted to 
ionophoresis on paper (10). a-Glycerophosphate and B-glycero- 


the phosphorus-reacting spot of the authentic glycerophosphate 
added as carrier. Fig. 2 shows an example of such an autors- 
diogram from an experiment in riro. Since phosphatidic acid 
is the only known phospholipide which yields glycerophosphate 
on mild alkaline hydrolysis by the method of Dawson (2), these 
data suggested that the fast moving lipide was a phosphatidic 
acid and was responsible for the glycerophosphate found in mild 
alkaline hydrolysates of total lipide extracts in previous studies 
(2, 6). 

To identify the material more positively, small aliquots of the 
radioactive lipide to be identified were mixed with increasing 
amounts of an authentic nonradioactive carrier substance, and 
the mixtures were chromatographed. The chromatograms were 


of 95 per cent ethanol and centrifuged; the supernatant solutions 
were rechromatographed as indicated. 

Catalytic Hydrogenation of Brain and Liver Phosphatidic 

Acids— Aliquots of the P®-4labeled phosphatidic acid solutions 

the contents were shaken at room temperature for 44 hours. 

The flask was again flushed with nitrogen and the solution was 

centrifuged to remove the palladium. An aliquot which con 

tained 50 yg. of distearoy!l phosphatidic acid was applied as s 

spot to the paper; 150 yg. of distearoy! phosphatidic acid was 
aided to an identical aliquot and this mixture was also applied i 
as a spot to the paper. Chromatography was carried out as . 
Materials—Cabbage phosphatidic acid was prepared by the 
ethanolic solution of the free acid at —20°. La (distearoy!l) I 
 eeeeeeeenneneees phosphatidic acid was a gift from Dr. Eric Keer and was stored ’ 
over in a vacuum. 
suspensions emther cy Trachons or cytop x 
particulate fractions from guinea pig brain cerebral hemispheres " 

a . was seen on the autoradiograms which coincided exactly with 
described elsewhere (10). Chromatography was carried out on '- 
in vivo, 10 wg. of phospholipide-P were applied as a spot. After ly 
chromatography the phospholipide spots were located by auto- sl 
radiography (4, 10). For the preparation of phosphatidic acid : 
samples, the phospholipide extracts were applied as bands on \" 
the paper; after chromatography these were cut out and the in 
lipides were eluted (10). The eluates were taken to dryness ' 
800 


the unknown material. 
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stoned with rhodamine G to reveal lipide «pots (13) and auto- 
re liographed to reveal radioactive spots. The conditions were 
«uw bh that the unidentified radioactive material was not present 
in ~uflicient amounts to give a spot upon staining with rheoda- 
mine G. The stained spot was thus entirely due to the carrier 
~uletanee, amd the autoradiographed «pot was entirely due to 
If the unknown radioactive material 
were identical with the carrier substance, the two materials 
would chromatograph as a single substance; any increase in the 
quantity of the carrier which causes enlargement of the stained 
spot should cause enlargement of the rmidioactive «pot. 
Conversely, if the radioactive material and the carner substance 
were not identical, the radioactive spot should not enlarge with 
the stained «pot when the quantity of carrier substance i* in- 
creased. Thix technique ix based on the principle of ietope 
dilution. As shown below, it ix capable of distinguishing be- 
tween two closely related substances whieh have virtually the 
Values. 

Aliquots of an eluate of the fast-moving P*-labeled pho 
pholipide from an incubated brain cytoplasmic fraction were 
mined with 50 we. and 200 ge. of synthetic t-a (distearoy!) 
phoephatidie acid. When chromatographed, the radioactive 
spot did not enlarge with the stained spot (Fig. 1). The radie- 
active phoepholipide was not therefore identical with t-a (di- 
stearovl) phoxphatidie acid. 

When the milioactive phoxpholipide was mixed with cabbage 
phosphatidie acid and chromatographed, the radioactive spat 
enlarged with the stained «pot when run with 50 gg. and 200 
we. of the carrier phoephatidie acid (Pig. 1). The madioactive 
plhoxpholipide from brain thus appeared to be closely related 
to the naturally occurring phoxphatidie acid from cabbage 
haves, whieh contains predominantly linoleic and linolenic 
ackle (12). The presence of unaturated fatty acide in the 
brain phoxphatidie acid was shown by the fact that, after eata- 
Ivtie hydrogenation of this phosphatidic acid, ite chromate- 
craphic properties were changed in such a way that it was not 
now distinguishable chromatographieally from distearoy! phos 
phathlic actd sinee the meliosetive spot now enlarged with the 
stained «pot when run with 50 ge. and 200 pe. of t-a (dixtearoyl) 
phosphatidic acid (Fig. 1). 

The above cata indicate that the fast moving rclioactive «pet 
oo the chromatograms of lipides from an incubated brain prep- 
armtion a phoephatiklie ackl. This phoephatilie ackl con 
toim unsaturated fatty amd it appears to be similar to 
cabbage acid. 

Identification of Phosphatidic Neid in Although Dawson 
(2) was unable to find a glveerophosphate «pet after mild alka- 
lime hydrolysis of phoxpholipikles from fresh liver and brain, it 
that present im «teh «tell ameunts 
that the quantity of lipide hyverolveate whieh con be run om paper 
without overloading insufficient to reveal ghycerophexphate 
by staining methods The ghveerophesphate obtained by mild 
alkaline hydrolysix of lipkles Inheledd with in eifre has « 
very high «pecifie activity (2,6, 14). Assuming that the pho 
phathlic ackl would have a similarly high «pecifie activity if 
labeled in it sheukl be possible to deteet it by autording- 
raphy of if sufficient were injeeted inte an 
ontmal, When mice were injeeted with large dows of 
fast meving «pet coukd he seen om the autermediogram= of 
mategrame of the lipkle extracts from every <tucdied. 
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Fia. 1. Identification of phosphatidic acid labeled with 
in vitro in a cytoplasmic particulate fraction of guinea pig brain. 
The radioactive material was prepared as described in the text and 
was chromatographed with carrier phosphatidic acids as indicated. 
A. P*abeled phoephatidie acid. hydrogenated P"-labeled 
phowphatidie acid. eabbage phosphatidic acid. D, t-a (di- 
«tearoy!) phosphatidic acid. The figures in parentheses indicate 
the amount of carrier added to « standard amount of A or &B. 
The chromatogram« were stained with rhodamine G, dried, and 
viewed in daylight; the purplish-pink phosphatidic acid «pot« 
were outlined with a pencil, Autoradiograms were then prepared. 
For photography, the autoradiogram was superimpored on a trac. 
ing of the outlines of the «tained «pots. 


Thix «pet was, in general, not so heavily labeled as the other, 
more slowly moving, phoepholipide spet«. The radioactivity in 
each of these «pots is shown in Table 1. When the fast moving 
«pet from liver, heart and brain was eluted, hydrolyzed, mixed 
with glyeerophosphate, and submitted to ionophoresis on paper. 
the main radioactive «pot coincided exactly with the glycero- 
phosphate «pet located by the method of Wade and Morgan (15) 
(Pig. 2). Approximately 85 to 90 per cent of the total radio- 
activity of the eluate was in the glycerophosphate spot. A 
«com! spet which just preceded the glycerophosphate spot 
coukl sometimes be «en; it contained 10 to 15 per cent of the 
total radioactivity of the eluate. Thix minor radionctive spat 


A quantity of the fast moving phoepholipide was 
prepared from liver and was cochromatographed with 50 ye. 
am! 200 ye. of distearoy! phosphatidic acid and with 50 pg. 
aml 200 pe. of cabbage phosphatidic acid. The radioactive 

enlarged with the stained spot when cabbage phosphatidic 
carrier (Fig. 3); this that the 
moving spot labeled with P* in vivo was closely related to 


phatidie ackl was as carrier; however, there was some 
enlargement, whieh may imlieate that the phesphaticie acids 
of mouse liver contain a higher proportion of saturated fatty 
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imekle with the «tained! «pet when 200 ge. of distearoyl 
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Tame I 
Radioactivity of phospholipides labeled with P™ in vivo in various mouse lissuce 
10 wg. of phospholipide-P were applied to the paper; the spots counted were as shown in Fig. 2. Counts were corrected for dees 
and for differences in the amounts of P® injected; the latter corrections were based on an injection of 1 me. of P® per 10 gm. body 


weight. In Experiment |, a mouse which weighed 20 gm. received 0.5 mc. of P” and wax killed 1 hour after the injection. In ex. 
periment 2, a mouse which weighed 10 gm. received 1 mc. of P™ and was killed 3 hours after the injection. 
| | (Tetal per 10 of total ade 
B | Phosphoinositide 14,800 8.060 1,710 1,2 
Cc Phosphatidy! choline 81,600 147,000 10,000 7,20 35, 
Phosphatidy! ethanolamine 80,000 «14,300 2,00 272 2,100 
| Phosphatidic acid «4,260 2,300 2,120 1,500 1,080 
"Total extract «167,000 196,000 1,338 
2 A ‘Unknown 4,000 84,490, 30 ols ™ 
B Phosphoinositide 0,00 2,90 4 3,40 3.050 3.40 
Phosphatidy! choline 171,000 14,00 25 6.50 635.700 
Phosphatidy! ethanolamine 91,500 20,600 450 3,310 6.280 6,960 
E | Phosphatidic acid 1,000 675 
Total extract 321,000 31,00 38,600 | 52,000 


A A+C A+C B+D BepbD 
(‘Spe Wye) Mee) Mee) 


Fic. 2 (left). Autoradiogram of the P*®-containing spots and 
tracing of the phosphate-containing spot after ionophoresis of a 
mixture of a,8-glycerophosphate and a mild alkaline hydrolysate 
of the material from the fast running spot on chromatograms of 
phospholipides from mouse liver labeled with P™ in vivo. - 

Fic. 3 (right). Identification of phosphatidic acid labeled with 
P*® in vivo in mouse liver. Procedures were as described in Fig. 


1. A, P**labeled phosphatidic acid. hydrogenated P-labeled 
phosphatidic acid. C, cabbage phosphatidie acid. D, ta (dis- 
tearovl) phosphatidic acid. 


ackls than do the phosphatidic acids of guinea pig brain. When 
the radioactive substance from liver was hydrogenated and then 
cochromatographed with distearovl phosphatidic acid, the radio- 
active spot enlarged and coincided with the stained «pot when 
run with 200 wg. of the carrier substance. 

These observations indicate that when sufficient P® is injected 
in cio a phosphatidic acid can be demonstrated in animal tissues. 

Acid Lability of Phosphatidie Acide— Mey (16) found that 
when distearoy! phosphatidic acid was run in a countercurrent 
apparatus for 22 hours there was complete hydrolysis to glycero- 
phosphate. She also cites indirect evidence that phosphatidic 
acids may be unstable to acid. On the other hand, the experi- 
ments of Chibnall and Channon (1, 12) suggest that phosphatidic 
acids are not particularly unstable to acids, since their purifies- 
tion procedure involved shaking of an ether solution of the 
phosphatidic acid with 0.5 H.SO, and with 0.25 ~ HCL. 

To test the resistance of phosphatidic acids to acid hydrolysis, 
chloroform solutions of phosphatidic acids were shaken vigor- 
ously with 2 volumes of either 0.5 or 0.1 HCl at room 
temperature. Aliquots of the chloroform phase and the aqueous 
phase were taken at various time intervals and analyzed for 
total phosphorus. On shaking cabhage phosphatidic acid with 
0.5 ~ HSO,, acid-soluble phosphate was released at the mte of 
about | per cent per hour (Fig. 4). With distearoy! phoxphaticdic 


acid, 25 per cent of the phosphorus was found in the aqueous - 


phase after | hour of shaking; after this, acid-<oluble phosphate 
was released at a rate of about | per cent per hour (Pig. 4). 
Similar results were obtained on shaking cabbage phosphatidic 
acid and distearoy! acid with O1 ~ HCL The 
rapid release of 25 per cent of the phosphorus from the distearoy! 
phoxphatidie acid into the acid-soluble phase indicates that this 
sample contained acid-soluble phosphorus at the time of use. 
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These results indicate that phosphatidic acids are not particularly 
subject to acid hydrolysis under the conditions used. To test 


P*® in ritro was added to a suspension of nonradioactive brain 
mitochondria. The entire fractionation procedure (10) was 
carried out on thie mixture. Upon cach of three successive 
washings with 10 per cent trichloroacetic acid, about 3 per cent 
of the radioactivity was rendered acid-<oluble. These losses 
were probably greater than those which would normally occur 
since in actual experiments the phosphatidic acid probably exists 
a« « lipoprotein in the tieues and as such would be more re- 
sistant to cold trichloroacetic acid. (Plasmalogens, which are 
highly labile to acid, are fairly stable when tieues are precip- 
itated and washed with cold trichloroacetic ackl.') After ex- 
traction of the trichloroacetic acid residue with chloroform- 
methanol (1:1) and storage of the extract overnight at 4°, 
followed by emulsification with 2.5 volumes of 0.1 ~ HC! and 
centrifugation, only 1.5 per cent of the radioactivity was found 
in the acid-soluble phase. However, after chromatography of 
the chloroform extract in diobutyl ketone-acetic ackd-water 
(40:25:5) (4), only 62 per cent of the radinactivity applied to 
the paper was recovered in the phosphatidic acid spot. The 
recovery of radioactivity as phosphatidic acid from duplicate 
runs agreed within 5 per cent in three separate experiments. 
Comparisons of the total radioactivity of the phosphatidic acid 
umler different experimental conditions (9, 10, 17- 19) can thus 


ami 3); usually there was a faint radioactive spot with an R, 
of about 0.65 behind the phosphatidic acid spot, and some faint 


fatty acide and vesrmbles more closely the natural 
phosphatidic acid from cabbage than synthetic distearoy! phos 

Although in the experiments in vivo the tissues were imme- 
diately homogeniaed in 5 per cent trichloroacetic acid after the 
animal was killed, it could be argued that the phosphatidic 


' Dawson, R. M. C., personal communication. 
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Fie. 4. The rate of formation of acid-soluble phosphate upon 
shaking chloroform solutions of cabbage phosphatidic acid (A) 
and t-@ (distearoy!) phosphatidic acid (B) with 0.5 HSO,. 


phatidie acids in animal tissues are a result of hydrolysis of 
other phospholipides is made unlikely by the earlier finding in 
several laboratories (2, 6, 14) that the specific activity of glycero- 
phosphate presumably derived from phosphatidie acid was 
higher than the specific activity of any of the other phosphatides 
examined when the phosphatides were labeled with P® in various 
preparations in rifro. Unfortunately, attempts during the 
present work to measure the specific activity of the phosphatidic 
acid from experiments in rivo were unsuccessful because of the 
fact that the amount of phosphatidic acid phosphorus eluted 
from bands was not sufficiently above the paper blank to obtain 
accurate values. 

Kennedy and his associates (20) have presented data which 
they regard as evidence that phosphatidic acids are intermedi- 
ates in phosphatide biosynthesis. Although this may be one 
function of phosphatidic acids, it is our view that these sub- 
stances form part of the membranous structure of cells and that 
they play a role in the mechanisms of active transport across 
membranes. This ix based on our observations that when 
secretion is stimulated in various glands there is an increased 
exchange of phosphate in phosphatidie acids (6, 10, 18, 19). 


After labeling of phospholipides of various tissues with P® 
both in rive and in vitro a radioactive spot was found on chro- 
matography which vielded over 85 per cent of its radioactivity 
as glycerophosphate after mild alkaline hydrolysis. By chro- 
matography of this phospholipide with increasing amounts of 
carrier substances, it was found to be chromatographically 
indistinguishable from cabbage phosphatidic acid but it could 
be distinguished from t-a (distearoyl) phosphatidic acid. After 
hydrogenation of the radioactive phospholipide, the product 
was not chromatographically distinguishable from t-a (di- 
stearoy!) phosphatidic acid. These several lines of evidence 
indicate that phosphatidic acids oceur in animal tissues both 
in vivo and after incubation in ritro and that they contain un- 
saturated fatty acids. 

Data are given on the stability in acid of naturally occurring 
and synthetic phosphatidic acids. 


Acknowledgments—The authors are grateful to Dr. Eric Baer 
for a sample of synthetic t-a (distearoy!) phosphatidic acid and 
to Mrs. Gail Stubblefield for technical assistance. 
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polation and chromatography of the phospholipides which we | 
uw routinely, a sample of brain phosphatidic acid labeled with | 
| 
az 
1 
i 
) 
| 
n regarded as a Valued procedure. radioactivity whieh was 
» not recovered in the phosphatidic acid «pot could be «en on the | 
n autoradiogram as a streak behind the phosphatidic ack! «pot. | 
This streaking always occurred when phosphatidic ackl was 
reaking between wo = 
sumably due to partial destruction of the phosphatidic acid 
during the prolonged preparative procedure and final chroma- . 
tography. The low of radioactivity from the phosphatidic SUMMARY 
ack spot during the normal experimental procedure was prob- 
ably not as great since streaking did not usually oceur during : 
the initial chromatography of the total lipide extracts. These , 
results do indicate, however, that phosphatidic acikls are not as ) 
" stable as many of the other phospholipicdes. | 
DisCUSSION 
Several lines of evidence are presented here which indicate that 
phosphatidic occurs in animal tewues both in rive and 
acids were the product of very rapid postmortem enzymatic 
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Phosphoinositides and Protein Secretion in Pancreas Slices* 
Lowen E. Hoxixt Manet R. Hoxtwt 
From the Department of Pharmacology, McGill University, Montreal, Canada 
(Received for publication, December 16, 1957) 


When enzyme secretion in slices of pigeon pancreas & stimu- 
lated with cholinergic agents (acetylcholine plus eserine, car- 
bam vieholine, or pilocarpine) or with the hormone pancereozymin, 
there is a marked increase in the mte of incorporation of P* 
into the phoxpholipides (2, 3), mainly in phosphoinositide and 
to a lesser extent in phosphatidyl ethanolamine, phosphatidyl! 
choline, phosphatidyl serine, and phosphatidic acid (4). There 
is also a stimulation of the incorporation of C-labeled choline 
into phosphatidyl! choline and C-labeled ethanolamine into 
phoxphatidy! ethanolamine (4). 

The present study ix primarily concerned with phosphoinosi- 
thle metabolism in relation to protein secretion in the pancreas. 
Two phosphoinositide «pots have been separated by paper 
chromatography (5). The incorporation of inositel-2-H’, glye- 
erol-1-C™, and P® into one of the phosphoinositiles & in- 
creased when enzyme secretion i stimulated. The incorpora- 
tion of inositol-2-H’ and P* into the other phosphoinositide is 
increased, but the incorporation of glycerol-1-C™ does not seem 
to be increased. The incorporation of glycerol-1-C™ and P* 
into other phospholipides was also studied in nonseereting and 
secreting slices of pancreas. 

EXPERIMENTAL 


Synthesis of et al. (6) have described 
method for the catalytic reduction of myo-inosese-2 to give 
myo-inositol’ labeled with deuterium in the stable hydrogen of 
Position 2. This method, slightly modified, was used to «ynthe- 
size myo-inositoel-2-H?. 1 mil. of a 9 per cent aqueous solution of 
myo-inosose-2 was shaken with 30 mg. of PtO, in contact with a 
mixture of 200 me. of tritium and 60 mi. of hydrogen. After 
the reduction was complete, the water was removed in a vacuum 
and the residue was redixeelved in water and dried in a vacuum 
five times to remove exchangeable tritium. The colloidal 
platinum was removed by high speed centrifugation. The 
fins! inositel-2-H? was recrystallized from hot water and ethanol; 
it had a melting point of 222-223°. Repeated dissolving of a 
few micrograms of the inositol-2-H’ in water on a planchet, 
followed by drying, did not lower the radioactivity of the sample; 
thix indicated that all exchangeable tritium had been removed. 
The sample of inositol-2-H? used in the experiments reported 
here had a tritium content of 1.05 me. per mmole; it gave 3.23 x 


* These investigations were aided by a grant from the United 
Cerebral Paley Research and Educational Foundation, Inc. Part 
of this work has been presented in a preliminary report (1). 

t Present address, Department of Physiological Chemistry, 
University of Wisconsin, Madison, Wisconsin. 

' In this paper the terms myo-inositol and inositol are used inter - 


changeably. 


10° ¢.p.m. per mg. wher counted at infinite thinness in a win- 


stoppered 25 mil. Erlenmeyer flasks. About 100 mg. of tissue 
were placed in each vessel; the weights of tissue in separate 
Vessels in the same experiments differed from each other by no 
more than 10 per cent. The medium consisted of 2 mi. of bi- 
carbonate saline (7) with glucose (2 mg.), inositol (1 mg.), glye- 
erol (125 wg.), and other additions as indicated. Each vessel 
contained either NaH,P"O, (50 to 250 ye. per wmole), inositol- 
2-H? (1 we. per mole), or glyeerol-1-C™ (1 we. per umole). 
The flasks were shaken in a Dubnoff metabolic incubator at 
38° for 2 hours with 95 per cent O, + 5 per cent CO, as the gas 


Extraction and Chromatography of Phospholipides—After 
incubation, 2 ml. of 10 per cent trichloroacetic acid were added 


to heavy duty centrifuge tubes: they were 
centrifuged at 4° for 10 minutes at 30,000 x g. The residues 


form. The tubes were tightly stoppered and stored overnight 
at 4°. On the following day, 5.0 mi. of cold 0.1 ~ HCI were 
added ; the mixture was emulsified with a mechanically operated 

The emulsion was centrifuged at 4° for 5 minutes at 
centrifugation the mixture had separated 


showed negligible radioactivity other than that in the phospho- 
lipide spots (Fig. 1) which accounted for 75 to 90 per cent of 
the total radioactivity in the chloroform extracts. 

Aliquots of the chloroform extracts were applied as spots on 
silicic acid-impregnated Whatman No. 1 paper (8, 9, 5) under 


phospholipides ascending chromatography 
in diisobutyl ketone-acetic acid-water (40:30:7) (5). After 
chromatography the papers were dried at room temperature. 


oO. 4 | 
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SIS 
a Incubation of Tissue Slices—Slices of pigeon pancreas were J 
red as deseri previously (2): they were ineybated ip 
tial. 
| 
phrase. 
the media. With three separate | mi. portions of cold 5 per | 
were resuspended in cold 5 per cent trichloroacetic acid and 
again centrifuged; this step was repeated an additional time. | 
The residues were broken up and suspended in 2.0 ml. of etha- | 
nol. The ethanolic suspension was mixed with 2.0 ml. of chloro- 
| which contained the lipides, and a disk of insoluble protein | 
between the top and bottom layers. Most of the aqueous- | 
ethanolic layer was removed by aspiration. Aliquots of the | 
chloroform layer were removed for chromatography and for 
a stream of air at room temperature from a hair drier. Ali- 
quots of the H™labeled or C'-labeled lipides were applied as | 
bands between two duplicate P"-labeled marker spots. The | 

SOS 


phorus-containing lipide band which ran at the solvent front. 
The P® marker spots on either side of the bands were used as 
guides for cutting out the strips of paper which contained the 
H*-labeled lipides and those C-labeled lipides which did not 
cause visible activation of the film. The strips were cut up 
and eluted at 37° with three 5 ml. portions of chloroform-meth- 
anol-water (75:25:2) (5) for three successive 24 hour periods. 
Further treatments did not remove any significant amount of 
radioactivity from the paper. The serial eluates from each 
sample were pooled and centrifuged in 15 ml. conical tubes to 
remove particles derived from the paper; they were transferred 
to fresh conical tubes and reduced in volume under nitrogen at 
room temperature to about 0.05 ml. The duplicate paper 
disks which contained the P®-labeled marker phospholipides 
were first counted, then eluted in a fashion identical to that 
used for the elution of the C-labeled and H*-labeled strips. 
The P®-labeled eluates were spotted on fresh paper disks and 
counted. From the ratio between the counts per minute in the 
original spot and the counts per minute in the eluted material, 
an accurate correction could be made for the quantity of C'- 
labeled or H?-labeled phospholipide which did not elute from 
the paper. The recovery of radioactivity from all but one of 
the lipide spots ranged from 65 to 85 per cent, depending on the 
lipide and the particular run; the one exception was phospho- 
inositide B, which gave only about 35 per cent recovery. With 
most of the phospholipides the proportion of phospholipide 
which eluted was fairly constant for any particular run. The 
counts recovered when duplicate P®-labeled spots were eluted 
usually agreed within 10 per cent; however, the recoveries of 
phosphoinositide B and phosphatidic acid occasionally showed 
greater variation. 

The H?*-labeled eluates were transferred quantitatively with 
0.6 ml. of ethanol-ether (3:1) to a clean aluminum planchet 
which had very slightly raised edges. The material was dried 
very slowly by placing the planchets about 2) feet below an 
infrared lamp. After drying, the samples were counted in a 
windowless Geiger-Miiller counter. The phosphoinositide was 
redissolved with ethanol-cther (3:1) on the planchet, dried, and 
recounted; this procedure was repeated an additional time. 
The average counts per minute were calculated from the three 
values obtained. The phosphoinositide was redissolved on the 
planchet and mixed with an H*-labeled standard of much greater 
radioactivity. (To prepare an H*-labeled standard which would 
be soluble in ethanol-cther, a sample of inositol-2-H* was acet- 
ylated with acetic anhydride in pyridine.) Absorption by the 
phosphoinositide usually reduced the counting rate of the 
standard material by 0 to 20 per cent; the percentage of reduc- 
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tion was used to correct the original phosphoinositide counts 
to infinite thinness. 

The C-labeled lipides were counted in the same manner as 
the tritium-labeled phosphoinositide. No correction for self. 
absorption was required, however, since the C'-labeled lipides 
counted at infinite thinness. 

The total measurements of radioactivity recorded in the 
tables are expressed as counts per minute per 100 mg. of fresh 
tissue. The P® counts are corrected for decay. 

When the total phospholipide-P was estimated, aliquots of 
the chloroform extracts were digested and phosphorus was 
determined (2). 

RESULTS 

Identification of Phospholipides—On the basis of their R, 
values as compared with those found by Marinetti and Stotz 
(5), their relative rates of incorporation of P™, and stimulation 
of this incorporation with acetylcholine (4), the P®-labeled 
bands or spots on the chromatograms (Fig. 1) were provisionally 
identified as follows: (a) (Rp = 0.08) unknown; (6) (Rp = 0.20) 
phosphoinositide; (c) (Rr = 0.26) unknown; (d) (Rp = 0.35) 
phosphatidyl choline; (e) (Ry = 0.42) phosphatidyl serine; 
(f) (Rr = 0.55) phosphatidyl ethanolamine; (g) (Rp = 0.84) 
phosphatidic acid. 

The technique of cochromatography was used for the identi- 
fication of some of the phospholipides. Either the radioactive 
phospholipide was cochromatographed with an authentic sample 
of a reference phospholipide, or the hydrolysis products of the 
radioactive phospholipide were cochromatographed with refer- 
ence compounds. The radioactive spots were developed by 
autoradiography, and the reference spots by various color re- 
agents, as indicated. If the two spots coincided accurately, 
the radioactive material was considered to be identical with the 
reference compound. The reliability of this “fingerprint” 
method is discussed by Roberts et al. (10). 

To identify positively the lipide of Band 2, it was eluted, the 
volume of the eluate was reduced to 0.05 ml., and the lipide was 
hydrolyzed with 0.5 to 1.0 ml. of either 6 » HCl or 2 x NaOH 
for 10 minutes at 100°. The acid hydrolysates were extracted 
with chloroform and dried in a vacuum at room temperature. 
The alkaline hydrolysates were treated by the method of Dawson 
(11) to remove NaOH and fatty acids. The hydrolysis products 
were mixed with known samples of inositol monophosphate? 
a- and 8-glycerophosphates, and orthophosphate. This mixture 
was resolved by ionophoresis on paper in 0.02 m lactate buffer, 
pH 3.6 (12), along with standard spots of the reference com- 
pounds. The papers were dried and phosphate-containing 
spots were located by a slight modification of the method of 
Wade and Morgan (13). The phosphate-containing compounds 
which had been added to the hydrolysate had moved the fol- 
lowing distances when a voltage of 27.8 volts per cm. had been 
applied for 70 minutes: inositol monophosphate, 17.4 «m., 

a- and §-glycerophosphates, 20.5 «m., and orthophosphate, 
24.7cm. The three spots were well separated ; a- and 8-glycero- 
phosphates did not separate from each other. The major radio- 
active spot coincided exactly with the inositol monophosphate 
spot, and the lesser radioactive spots coincided exactly with 


? Obtained from the California Foundation for Biochemical 
Research, Los Angeles, California. 
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They were stapled to sheets of Kodak “no screen” x-ray film 
and placed in film holders. The films were developed after 
2 to 7 days of exposure. 
Counting of Phospholipides—By use of the staple marks as 
guides, the autoradiograms were superimposed over the chro- 
matograms. Disks of paper which contained the individual 
P®Jabeled spots were cut out and counted in a thin mica end- 
window Geiger-Miller counter. The counts from duplicate 
spots usually agreed within 5 per cent. 
No activation of the film resulted from the tritium-labeled 
phospholipides. With the exposure times used, the only bands 
seen with the C"-labeled lipides were the phosphatidyl! choline 
band, the stimulated phosphoinositide band, and a nonphos- 
fe 
n 
i 
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gly crophosphate and orthophosphate (Fig. 2). The spots 
were cut out and counted. Inositol monophosphate accounted 
for ‘most of the radioactivity in the total hydrolysate; the mdio- 
activity in the glycerophosphate spot and that in the ortho- 
phosphate spot were very much less (Table 1). The alkaline 
hydrolysate showed a lower proportion of the radioactivity in 
imeitol monophosphate and a higher proportion of the radio- 
activity in glycerophosphate and orthophosphate than did the 
acid hydrolysate (Table 1). These data strongly suggest that 
inositol and glycerol are connected through a phosphodiester 
briige in phosphoinositide A, since acid hydrolyse yielded 
predominantly inositol monophosphate whereas alkaline hy- 
drolysis yielded a large amount of glycerophosphate with lesser 
amounts of inositol monophosphate. 

Hand | had an Ry similar to that reported for lysolecithin by 
Marinetti and Stotz (5). However, when this lipide was eluted 
am! cochromatographed with an authentic sample of lysolecithin, 
the lysolecithin spot, which was revealed by treatment with 
phoxphomolybdate followed by stannous chloride (9, 14), had a 
higher Ry than the lipide of Band 1, as revealed by autoradiog- 
raphy. Beeause of the very marked increase in the incorpo- 
ration of P™ into the lipide of Band | in seereting slices of 
pancreas, it was thought that this lipide might be a second phos 
phoinositide. The P™labeled lipide was therefore hydrolyzed 
in 6s HCl and electrophoresed with authentic samples of inositol 
monophosphate, glycerophosphate, and orthophosphate. The 
autoradiographed spots coincided exactly with the phosphate- 
reacting spots produced by the reference compounds. The 
percentage of the total radioactivity in cach of these «pots ix 
shown in Table I. Band | was therefore a second phospho- 
inesitide and will be referred to as phosphoinositide B. 

Band 3 was not identified. It had an Ry similar to those 
reported for sphingomyelin and plasmalogens (5). The ap- 
preciable amount of glycerol-1-C™ incorporated into this lipide 
(Table 11) indicated the presence of a glycerophosphatide. 

Band 4 was identified as phosphatidyl choline by the fact that 
it formed a blue color when treated with phosphomolybdate 
followed by stannous chloride; it also had an Ry which was 
identical to that of an authentic sample of t-a (dixtearoyl) 
phosphatidyl choline. 

Band 5 was very weakly labeled; it had an Ry similar to the 
reported value for phosphatidy! serine (5) and it reacted with 
ninhydrin. It will be referred to as phosphatidy! serine. 

Band 6 had the same Ry, as an authentic sample of L-a (di- 
miristoyl) phosphatidyl ethanolamine and it reacted with 
ninhydrin. It will be referred to as phosphatidy! ethanolamine. 

The lipide of Band 7 was identified as phosphatidic acid; the 
evidence for this is given elsewhere (15). 

Phospholipide Content of Nonsecreting and Secreting Slices 
of Pancreas the present experiments acetylcholine chloride 
in the presence of exerine sulfate (3 x was 
used as the secretory stimulant. The activities of the enaymes 
in the medium were not measured since earlier work (16, 2) 
had shown that enzyme seeretion was consistently stimulated 
under these conditions. 

The quantities of phospholipide-P extracted from separate 
samples of tissue incubated under identical conditions agreed 
te within 5 per cent. The phospholipide-P content of incubated 
slices of pigeon pancreas was about 90 yg. /100 mg. of fresh 
timuc. The phospholipide content of the tissue was not altered 
when enzyme seceretion was stimulated by acetylcholine plus 
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Fias. | 2 

Fig. (left). Autoradiograms of P"-labeled phospholipides 
from slices of pigeon pancreas. (', control; S, stimulated with 
acetyleholine (10°* plus exerine (3 uw). phospho- 
inositide B; 2, phosphoinositide A; 3, unidentified; 4, phospha- 
tidyl choline; 5, phosphatidyl serine; 6, phosphatidyl ethanola- 
mine; 7, phosphatidic acid; S. F., solvent front. Aliquots of the 
chloroform extracts were chromatographed on silicic acid-impreg- 
nated paper with diisobutyl ketone-acetic acid-water (40:30:7) 
as the solvent (5). The lipides in this experiment were run as 
bands 10 em. wide; 3 em. vertical sections of the autoradiograms 
are illustrated. 

Fig. 2 (right). Autoradiogram (A) and tracing of phosphate- 
containing spots (B) of an electropherogram of an acid hydroly- 
sate of P-labeled phosphoinositide A. 8, inositol monophos- 
phate; 9, glycerophosphate; 10, orthophosphate. 


Taste I 


Hydrolysis products of pigeon pancreas phosphoinositides labeled 
with and glycerol-1-C™ 


Experiments were carried out as described in the text 
| radioactivity of total, 


N Acid 

A Alkali 17.8 35.9 
A 75.5 | 92 3.8 
B | 2%.9 
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Incorporation of P®, glycerol-1-C™, and inositol-2-H® into individual phospholipides in nonsecreting and secreting slices of pigeon pancr as 


Conditions of incubation were as described in the text. 


Enyzme secretion was stimulated with 10° acetylcholine plus 3 X bir 


m eserine. The counts per minute of the phospholipides are corrected for initial specific activities in the medium of 25 pe. of P™ per 
umole of phosphate, 1 wc. of C™ per umole of glycerol, and I pe. of H? per smole of inositol 


Total radioactivity 100 mg. of 
Phospholipide Low Inositol 2-H 
Control Stimulated Increase Control Stimulated Increase Control Stimulated Increae 
Phosphoinositide 3,740 | 10,900 193 | $28 24 | 
| 2 1,520 28,900 | 138 | 1640 1090 
Phosphoinositide A... 8,140 80,600, 890 3,880 
7,050 137,200 1,850 S10) 3.820 372 413 
Unidentified Band 3... __. 2,940 | 3,930 6 S73, | 
Phosphatidyl choline 4,610 4,550 5,740 5,520 | —4 | 
yl serine............ Pc 2,050 3,340 | 
Phosphatidyl ethanolamine. 5,860 10,4005 | | 
Phosphatidyl serine ‘phosphatidy | | | | | | 
ethanolamine... 5,600 30,3000 2,730) 3,080 | 
Phosphatidie acid... 7,200 22,800 213 2,195 | | 
Nonphosphorus-containing lipide | 15,350 43 | 
Total CHCl, extract... 46,600, 155,500 234 31,500 40,2005 | 
32,200 [254,000 | 687 21,300 29,000 36 | 


—, counts not significantly above background. 


eserine although there was a marked increase in the incorpora- 
tion of P® into the phospholipides. It is possible, however, that 
small increases in the tissue levels of some of the phospholipides 
which are present in small quantities, such as phosphatidic 
acid and the phosphoinositides, might be obscured when total 
phospholipide-P is measured. 

Incorporation of P™ into Individual Phospholipides in Non- 
secreting and Secreting Slices of Pancreas—As previously reported 
(4), the stimulation of P® incorporation into the total lipide 
fraction was mainly due to the stimulation of P® incorporation 
into phosphoinositide. In the present studies it was possible 
to follow the incorporation of P® into two phosphoinositides 
whose separate identity was not revealed by the method of 
Dawson (11) which was used in the earlier study. The average 
stimulation of the incorporation of P® into phosphoinositide A 
in four experiments with tissue from four separate animals was 
1410 per cent (range, 890 to 1850 per cent). The average 
stimulation of the incorporation of P® into phosphoinositide 
B in four experiments was 800 per cent (range, 20 to 1800 per 
cent). The incorporation of P® into the unidentified lipide of 
Band 3 was stimulated on average 100 per cent (range, 30 to 
190 per cent). In three experiments the average increase in 
the incorporation of P® into phosphatidyl choline was 140 per 
cent (range, 120 to 170 per cent); however, in one experiment 
(Table I1) no stimulation was observed. The incorporation of 
P® into phosphatidyl] serine was usually too low to be detected. 
However, in one experiment in which a large amount of P™ 
was used, a phosphatidyl serine spot could be faintly seen, and 
the incorporation of P® was found to be increased about 60 per 
cent in the presence of acetylcholine (Table 11). The incorpora- 
tion of P® into phosphatidyl! serine was found to be stimulated 


in the earlier studies (4), but the specific activity of this lipide 
was so low that there was some doubt at the time as to the 
significance of the observation. The incorporation of P® into 
phosphatidyl cthanolamine was appreciably increased as re- 
ported earlier (4); in the present experiments, the average stim- 
ulation was 230 per cent (range, SO to 330 per cent). The 
incorporation of P® into phosphatidic acid was increased on 
average by 170 per cent (range, 140 to 210 per cent in four 
experiments). 

The range of values for the stimulation of P* incorporation 
into the phospholipides in different experiments reflects natural 
biological variation. As a rule there was les than 5 per cent 
difference between duplicate slices from the pancreas of one 
animal. The comparisons of the incorporation of different 
isotopes in unstimulated and stimulated timue were always 
carried out on samples of tissue from the organ of a single ani- 
mal. The comparisons are, therefore, not susceptible to the 
wide biological variation which might be encountered if the 
comparisons were made on tissues from different animals. 

Incorporation of Inositol-2-I1? into Phosphoinositides of Non- 
secreting and Secreting Slices of Pancreas —\t would be expected 
that if phosphate were being renewed in phosphoinositide at a 
more rapid rate, the renewal of inositol would also be accelerated. 
The incorporation of inositol-2-H? into phosphoinositide A was 
over 5 times greater in secreting slices of pancreas than in non- 
secreting slices of pancreas (Table 11). This compares with a 
19.5-fold increase in the incorporation of P® into phospho- 
inositide A in the same experiment. The incorporation of 
P* into phosphoinositide A was consistently stimulated to a 
greater extent than the incorporation of inositol-2-H’. Two 
experiments, not shown in Table II, were performed in which 


= 
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H?-labeled phosphoinositide A was counted in solution in toluene- 
methanol (13:1) in a Tricarb scintillation spectrometer. The 
results, although less satisfactory because of the higher back- 
ground and lower sensitivity, were in general agreement with 
those obtained by windowless Geiger-Miller counting. In 
these two experiments the average stimulation of P® incorpora- 
tion into phosphoinositide A was 920 per cent, and the average 
stimulation of inositol-2-H? incorporation was 450 per cent. 

Inositol-2-H’ incorporation into phosphoinositide B was 
followed with the solid counting technique. Inositol-2-H’ 
incorporation into this lipide was stimulated about 1000 per 
cent, as compared to 1800 per cent for P® incorporation (Table 
Il). 

In several experiments, the total H*-labeled lipide extract 
was plated and counted at infinite thickness. The average 
stimulation of H’ incorporation was essentially the same as 

was observed in the phosphoinositides which were isolated by 

“hrommatography’; this indicated that all or most of the HP activ- 
ity in the total lipide fraction was in the 
This was confirmed by counting eluates of the lipides which do 
not contain inositol; none of these showed any significant in- 
corporation of H? from inositol-2-H? (Table II). 

Incorporation of Glycerol-1-C“ into Individual Phospholip- 
ides in Nonsecreting and Secreting Slices of Pancreas—When 
enzyme secretion was stimulated there were no appreciable 
increases in the incorporation of glycerol-1-C" into phospho- 
inositide B, the unidentified lipide of Band 3, phosphatidy! 
choline, phosphatidyl serine, or phosphatidyl ethanolamine 
(Table 11). In two experiments there were increases of 50 and 
200 per cent in the incorporation of glycerol-1-C™ into phos- 
phatidie acid. 

In each of two experiments glycerol-1-C™ incorporation into 
phosphoinositide A was increased in secreting slices of pancreas 
about 400 per cent (Table II); this increase was about one 
quarter to one half as great as the increase in P® incorporation 
in the same experiments and about the same as the increase 
in inositol-2-H?’ incorporation. To rule out the possibility that 
part of the C™ in phosphoinositide A might be in the inositol 
moiety, the lipide was hydrolyzed and the inositol monophos- 
phate and glycerophosphate were separated and counted as 
described above. No C™ activity was found in inositol mono- 
phosphate; 22 per cent of the total activity of the hydrolysate 
was found in glycerophosphate (Table I). This percentage 


When the measurements of the C™ radioactivity of all the 
phospholipides were added, the over-all stimulation of C™ 
incorporation was 42 and 25 per cent in two experiments. The 
large contribution which the C™ of the phosphatidyl! choline, 


phospholipides were chromatographed in the same 
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experiments, it was assumed that this C™ radioactivity was in 
nonphosphorus-containing glycerides. This fraction was re- 
ferred to as the nonphosphorus-containing lipide fraction. In 
two experiments the total C™ radioactivity in this fraction was 
22 and 33 per cent higher in secreting pancreas slices than in 
the controls. 

DISCUSSION 


The data presented here indicate that there are two mono- 
phosphoinositides in pigeon pancreas. McKibbin (17) isolated 
from dog and horse liver a monophosphoinositide which has a 
molar ratio of inositol-phosphate-glycerol-fatty acids of 1:1:1:2; 
acid or alkaline hydrolysis yielded inositol monophosphate, as 
was the case in our experiments with pigeon pancreas phospho- 
inositides. Monophosphoinositides have also been found in 
wheat germ (18), beef heart (19), and soybean (20-22). 

Mice, rats, hamsters, and a number of yeast and fungi have 
been shown to require inositol for normal growth. Eagle et al. 
(23) have recently shown that every one of the 18 human cell 
types which they were able to grow in tissue culture required 
the presence of inositol for growth and survival. One role for 
inositol in cell function is suggested by the data presented here 
and elsewhere which indicate that phosphoinositides play a 
role in the active transport of certain types of molecules. The 
present work indicates that phosphoinositides are involved in 
the secretion of protein from the inside of the pancreatic acinar 
cell into the lumen; recent studies have shown a similar role of 

in the secretion of adrenocorticotropin by the 
adenohypophysis of the rat (24) and the secretion of adrenaline 
by the adrenal medulla of the guinea pig (25). It is tempting 
to think that the active transport out of the cell of many other 
types of molecules may involve phosphoinositides. 


1. Myo-inositol-2-H’ was prepared by catalytic reduction of 
myo-inosose-2 in the presence of tritium. 

2. The phospholipides of incubated slices of pigeon pancreas 
were extracted quantitatively. After incubation of the slices 
with P®, seven radioactive phospholipides were revealed by 
paper chromatography followed by autoradiography, and six 
of these were identified. 

3. Two separate radioactive phosphoinositides were found; 
they have been termed phosphoinositide A and phosphoinositide 
B. The products of acid and alkaline hydrolysis indicate that 

4. Stimulation of enzyme secretion in ritro with acetylcholine 
led to a marked increase in the incorporation of P® and a lesser 
increase in the incorporation of inositol-2-H’ into each of the 

there was an increased incorporation of 


phosphoinositides ; 
glycerol-1-C" into phosphoinositide A but not into phospho- 
inositide B 


5. Acetylcholine stimulated the incorporation of P® and 
glycerol-1-C™ into phosphatidic acid. Glycerol-1-C" incorpora- 
tion into phosphatidyl choline, phosphatidyl ethanolamine, 
phosphatidyl serine, and an unidentified phospholipide was not 
appreciably stimulated, although P® incorporation into these 
lipides was stimulated. 
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Previous work showed that the stimulation by acetylcholine or 
pancreozymin of the secretion of digestive enzymes from the 
pancreas, and the stimulation by acetylcholine or adrenaline 
of the secretion of amylase and mucin from salivary glands was 
accompanied by an increased incorporation of P® into the piius- 
pholipides of the tissues (1-4). This suggested that the phos- 
pholipides play a role in the secretion of proteins from cells (5). 
To test whether or not the phospholipides play a role in the secre- 
tion of other types of molecules, other secretory glands amenable 
to stimulation of secretion in ritro were sought. An example 
of this is the secretion of the polypeptide hormone ACTH,' 
which can be stimulated in ritro in the rat adenohypophysis by 
CRF from the posterior lobe of the pituitary (6,7). Another 
example is the formation and release of corticosteroids by the 
rat adrenal in vitro in response to ACTH (8). 


EXPERIMENTAL 


Incubations of rat adenohypophyses were carried out cs- 
sentially as described previously (6,7). In each experiment 12 
acclimatized male rats were used, divided into three sets of four 
animals. The adenohypophysix from each rat was divided 
along the midline, and one half used in each of two flasks. Each 
half-gland was preincubated for 60 minutes at 38° in 0.5 ml. 
of Krebs-Henseleit bicarbonate saline (9), with added glucose 
(2 mg. per ml.) and with 95 per cent O, + 5 per cent CO; as the 
gas phase. This medium was then removed and replaced with 
0.5 ml. of fresh medium which contained approximately 15 ye. 
of P™® as NaH,PO,. Purified CRF (10) was added to one flask 
of each pair. After incubation for 60 minutes, the incubation 
melia from each set of four were pooled to give one control and 
one experimental sample for assay of ACTH released into the 
medium. ACTH was measured by the bioassay in riltro of 
Saffran and Schally (11). The tissues from each set of four rats 
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were pooled to give one control and one experimental sample 

for extraction and chromatography of the phospholipides. 
Incubations of rat adrenals were carried 

previously (11). The two adrenals from one 


95 per cent O, + 5 per cent CO; as the gas phase. After 30 
minutes, the medium was removed and replaced with 1.5 ml. 
of fresh medium which contained approximately 45 ye. of P™ 
as NaH,;PO,. ACTH (5 milliunits, second U.S.P. standard) 
was added to one flask of each pair. Incubation was continued 


in the media were measured immediately by the method of Saf- 
fran and Schally (11). i i 
triplicate. 

The phospholipides were isolated quantitatively (12); they 


(40:30:7) as the solvent (13). 
phospholipides, including the phosphatidic acid, has been dis- 
cussed elsewhere (12, 14). Aliquots from each sample were 
chromatographed and counted in duplicate; the results are 
expressed as total counts per minute per sample. The specific 
activities of the acid-soluble phosphate esters were determined 
as described previously (1). All radioactivities were corrected 
to a specific activity of 100,000 ¢.p.m. per ug. of P for the inor- 
ganic P of the medium. 


RESULTS 


Phospholipide Turnover and Secretion of ACTH by Rat 
Adenohypophysis in Response to CRF—The radioactivity of 
phosphoinositide, phosphatidyl choline, and phosphatidic acid 
accounted for 80 per cent of the total P® counts in the phospho- 
lipides of the rat adenohypophysis incubated under these condi- 
tions. When ACTH secretion was stimulated by CRF, P® 
incorporation into phosphoinositide was increased about 35 per 
cent, into phosphatidic acid about 40 per cent, and into phos- 
phatidyl choline about 13 per cent (Table I). The responses 
to two concentrations of CRF used were not significantly dif- 
ferent; this suggests that the effects obtained with these two 
doses of CRF were maximal. 

The specific activities of the acid-soluble phosphate esters of 
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I 
Effect of CRF on incorporation of P™ into individual phos pholipides 
of rat adenohypophysis in vitro 
Dose of CRF for Experiment 1 was 0.45 ug. per vessel; experi- 
ment 2, 0.15 wg. per vessel. Experiments were carried out as 
described in the text. 


| Increase 


the tissue were not affected by CRF. There is therefore no 
reason to suppose that the increase in the incorporation of P® 
into the phospholipides was secondary to a general increase in 
the rate of phosphorylation or to an increase in the permeability 
of the cell to phosphate. The larger stimulations of P* in- 
corporation into phosphoinositide and phosphatidic acid as 
compared with phosphatidyl choline also indicate a specific 
effect on the phospholipides. 

Phospholipide Turnover and Formation of Corticosteroids by 
Rat Adrenals in Response to ACTH—When the phospholipides 
from incubated rat adrenals were separated by the chromatog- 


and phosphatidic acid together accounted for 80 per cent of the 
total radioactivity of the samples. A dose of ACTH sufficient 
to give a 70 per cent increase in the amount of corticosteroid 


found in the medium did not significantly affect the incorpora- 


idyl 
incorporation of P® into phosphatidic acid (Table II). 


Taste Il 
Effect of ACTH on P™ incorporation into individual phospholipides of rat adrenals in vitro 
The dose of ACTH was 5 milliunits per vessel. Experiments were carried out as described in the text. 
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the presence of higher doses of ACTH, there was a consistent 
inhibition of about 20 per cent in the incorporation of P® into 
the acid-soluble phosphate esters and ether-soluble phospho 
lipides. 

Since the whole adrenal gland was used in these experiments, 
the phospholipides isolated were a mixture of those from the 
cortex and those from the medulla. However, in separate 
experiments with guinea pig adrenals, the measurements of 
specific activity (in terms of counts per minute per unit of fresh 
tissue) of the individual phospholipides of the adrenal cortex 
were usually greater and never less than those of the phospho 
lipides of the adrenal medulla. This, together with the fact 
that there is much more cortex tissue than medulla tissue, led us 
to assume that the results obtained with rat adrenals reflect 
mainly the behavior of the phospholipides of the adrenal cortex. 


The secretion of ACTH in response to CRF appears to involve 
an increased turnover of phospholipides in a manner that is 
similar to that observed when protein secretion from exocrine 
glands is stimulated. In the pancreas, increased incorporation 
of P= was greatest in phosphoinositide; incorporation of P* | 
into the other phospholipides was stimulated to a lesser extent 
(15, 12). In the rat adenohypophysis, the incorporation of P* 
into phosphoinositide and phosphatidic acid was stimulated to a 
greater extent than the incorporation of P® into phosphatidyl 
choline. Quantitatively, the effect was much smaller in the 
adenohypophysis than in the pancreas, but the amount of ma- 
terial secreted was of an altogether lower order of magnitude 
than the amount of protein secreted by the exocrine glands. 
The results presented here indicate that the hypothesis that 
phospholipides play a role in the active secretion of proteins 
by exocrine glands may be generalized to include polypeptide 
secretion by endocrine glands. 

In those glands which have been found to show a phospho- 
lipide effect when secretion is stimulated, ic. exocrine glands 
(1-4), adenohypophysis, and adrenal medulla (16), the secretory 
product is stored in the gland. The adrenal cortex differs from 
these glands in that the corticosteroids are not stored; ACTH 
does not act by stimulating the active extrusion of preformed 
corticosteroids, but rather by stimulating the synthesis of 
corticosteroids which leave the tissue as soon as they are formed 
(17,8). The results presented here indicate that the mechanism 


Total P® «pm. 
Corticosteroids in the medium 
(micrograms per 100 mg. of fresh tissue) 
Phosphoinositide Phosphatidy! choline Phosphatidy! ethanolamine Phosphatidic acid 
Control | +ACTH| Difference} Control | +AcTH | Pier | Control | +ACTH Control | +ACTH Control | +ACTH 
% % % 
39 +38 2280 2190 3980 | 4160 +5 | 326 | 318 -2 480 388 
51 123 | +142 | 2910 2740 —6 5540 4640 — 16 421 372 —12 602 516 -—M 
48 66 +37 3810 3950 +4 6300 | 6340 +1 517 475 os 5As 457 —16 
Average % difference: +72 -2 -3 -7 — 16 


Total P® 
[Phosphoinositide | Phosphatidy! | Phosphatidic 
Experiment No. 5 | — | choline acid 
| 
mei 
590|184012290| | 914) 9 | 165, 206 | 
520 1530 2190 705| 748, 6 | 188) 191) 
| 726, 826) 14 | 117) 214) DISCUSSION 
Average increase) 51 10 | | 
200;3010 1505 1500 5 | 365 
2B...............| 890}2080;4180) |1400)1630 16 | 279 
270/280 1140/1500) 31 | 258) 377 
Average increase 480 | | 17 | | | 
raphic technique, the measurements of radioactivity for phos- 
the 
In 
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of action of ACTH in the adrenal cortex does not involve an 
increased turnover of P® in the phospholipides. 


1. The seeretion of adrenocorticotropin by the rat adeno- 
hypophysis in rifro in response to corticotropin-releasing factor 
is accompanied by an increased incorporation of P* into the 

Phosphoinositide and phosphatidic acid are 
the lipides most affected. 

2. From these results, the hypothesis that phospholipides 
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play a role in the active secretion of proteins by exocrine glands 
has been generalized to include polypeptide secretion by endo- 
crine glands. 

3. The formation and release of corticosteroid in the rat 
adrenal in vitro in response to adrenocorticotropin does not 
involve any increase in the incorporation of P® into the phos- 
pholipides. With high doses of adrenocorticotropin there is 
some inhibition of the incorporation of P® into the acid-soluble 
phosphate esters and ether-soluble phospholipides. 
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Stimulation by appropriate agents of protein and polypeptide 


phoinositide and phosphatidic acid (1-5). 
the phospholipide effect is confined to protein and polypeptide 
secretion or whether it may also be concerned with the secre- 
tion of smaller molecules, adrenaline secretion has been stimu- 
lated with acetylcholine in slices from guinea pig adrenal medulla, 
and the incorporation of P® into the phospholipides has been 
studied. Increased secretion of adrenaline is accompanied by 
an increased incorporation of P® into the phospholipides; again 
the effect is greatest in phosphoinositide and phosphatidic acid. 


EXPERIMENTAL 


Incubation of Tissues—Large male guinea pigs (700 to 1200 
gm.) were killed by decapitation; the adrenals were removed 
and placed in chilled saline. The bulk of the cortex (yellow) 
was removed by taking one slice from each side of the adrenal 
with a Stadie-Riggs slicer (6); the two slices of cortex were 
discarded. The remaining frill of cortex around the medulla 
(red) was trimmed off with scissors. Each medulla was sliced 
and each slice was divided into two pieces; one piece from each 
slice was used in each of two vessels. All of the medulla tissue 
from one animal was divided evenly between two vessels, a con- 
trol and an experimental, so that comparisons were always made 
between equal amounts of material derived from the same ani- 
mal. The tissues were preincubated for 30 minutes in stoppered 
25 ml. Erlenmeyer flasks which contained 2 ml. of Krebs-Hense- 
leit bicarbonate saline (7) with added glucose (150 mg./100 ml.) 
and ascorbic acid (10-* m), and with 95 per cent O, + 5 per cent 
CO, as the gas phase. After preincubation the tissues were 
transferred to fresh saline which contained glucose and ascorbic 
acid as above, with P® (added as NaH;PO,) and other additions 
as indicated. The volume of the incubation medium was ad- 
justed to the weight of the tissue. For weights up to 50 mg., 1 
ml. was used; a further 0.5 ml. was added for each 50 mg. above 
this. The tissues were incubated at 37° for 90 minutes; they 
were removed from the media and frozen. Additions were made 
to the media of the control vessels to match those made initially 
to the experimental vessels; the volumes of the experimental 
media were adjusted with a corresponding amount of water. In 


* These investigations were aided by grants from the United 
Cerebral Palsy Research and Educational Foundation, Inc., and 
the National Research Council of Canada. 

t Present address, Department of Physiological Chemistry, 
University of Wisconsin, Madison, Wisconsin. 


of von Euler and Hamberg (8). This method was adapted so 
that almost all of the sample was used and the color was devel- 
oped in as small a volume as possible. In later experiments 
adrenaline was separated from the media by chromatography on 
paper; the method used was that of Crawford and Outschoorn 
(9), a3 modified by Vogt (10). Pilot spots were run and stained 
with 0.44 per cent K;Fe(CN), in 0.2 « phosphate buffer, pH 
7.8 (11), followed by 0.5 per cent Fe,(SO,); in 6.4 per cent phos- 
phoric acid. The adrenaline areas, together with a blank, were 
cut into small squares and eluted with 5 to 10 ml. of 0.02 ~ acetic 
acid. The samples were centrifuged and adrenaline in the super- 
natant fluid was assayed by the fluorimetric method of von Euler 
and Floding (12). All estimations after chromatography were 
corrected for loss, usually amounting to about 30 per cent, during 
these procedures. Triplicate estimations were carried out on 
pooled media from three guinea pigs. Standard samples of 
either adrenaline HC! or adrenaline bitartrate were made up in 
bicarbonate saline with all the additions of the experimental 
vessels. However, none of the drugs added to the media affected 
adrenaline estimation by these methods. 

Isolation and Separation of Phospholipides and Determination 
of P® Incorporation—Phospholipides were isolated quantita- 
tively from the tissues as described previously (13). They were 
separated by chromatography on silicic acid-impregnated paper 
with diisobutyl ketone-acetic acid-water (40:30:7) as the solvent 
(14). The spots were located by autoradiography. The identi- 
fication of the individual phospholipides, including phosphatidic 
acid, has been discussed elsewhere (13, 15). Aliquots from each 
sample were chromatographed and counted in duplicate. The 
results are expressed as counts per spot per 10 yg. of total phos- 
pholipide-P applied to the paper. Phospholipide-P was deter- 
mined by digesting samples of the chloroform extract and esti- 
mating total P by the method of Fiske and SubbaRow (16). 

All determinations of activity were corrected to a specific ac- 
tivity of 100,000 ¢.p.m. per ug. of P for the inorganic P of the 
medium. 
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most experiments the incubations were carried out in triplicate — 
secreuon in Various giands is acculpanied DY With tissue from three guinea pigs; after incubation, the medis 
three experimental vessels were pooled. The pH of the media } - 
was adjusted to about 4 with acetic acid, and the samples were 
centrifuged at about 20,000 x g for 10 minutesat 4°. Thesuper- | 
natant fluid was taken for assay of adrenaline. For analysis of 
P* incorporation, the tissues were not pooled but were worked | 
up separately. 
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Tass I 
Constancy of amount of adrenaline found in medium from glands 
of different weights 


Slices of guinea pig adrenal medulla were prepared and incu- 
bated, and adrenaline was determined as described in the text. 


No drugs were added to the medium. 
Total weight of slice per edvenal pals} 
from each 
Mean Range 
30-0 6.5 1.1 (2.8-10.4) 
51-100 5.8 10 |(4.4- 8.5) 4 
101-1530 7.2 0.9 (1.9 9.7) s 
151-200 8.0 2.2 (4.3-16.6) 5 
201-250 8.1 0.6 (|(7.0-10.5) 5 
7.2 1 
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Constancy of Amount of Adrenaline Found in Medium after 
Incubation—In spite of the fact that there was a great range in 
the sizes of the glands in different guinea pigs, the amount of 
adrenaline found in the medium after incubation of all the slices 
from the two glands of each animal was approximately the same 
(Table I). 

Secretion of Adrenaline in Slices of Guinea Pig Adrenal Medulla 
in Response to Acetylcholine— Acetylcholine is the humoral trans- 
mitter of splanchnic impulses to the adrenal medulla in rivo (18). 
In slices of guinea pig adrenal medulla, adrenaline secretion was 
stimulated by acetylcholine with eserine (2 eserine 
alone did not stimulate adrenaline secretion (Table II). In the 
presence of 10°* w acetylcholine (with eserine) an average of 
5.5/ug. of adrenaline’ per adrenal pair was secreted above the 
control value; no further significant increment of secretion was 
observed with higher concentrations of acetylcholine. The tis- 
sue content of adrenaline after incubation was about 50 ug. per 
adrenal pair, so that the amount secreted in response to maximal 


Taste Il 
Secretion of adrenaline by slices of guinea pig adrenal medulla in response to acetylcholine 
Experiments were carried out as described in the text 


.. Adrenaline in medium (adrenaline HC! per adrenal pair) 
Additions Control ot Average % No. of 
Mean som. Range Mean tem. Range 

ACht + 2 X 10° eserine......... 7.9 1.2 4.3-10.5 2.2 08 (-0.1-3.7 28 4 
ACh + 2 X 10° w eserine.......... 6.8 16 (1.9-16.6 5.5 1.6 1.5-13.2 81 
ACh meserine........... 7.0 0, 6.9 5.5 2.6, 8.3 78 2 
ACh +2X 5.8 1.2 48.1 6.4 2.8 2.2-11.6 110 3 
1 * ACh + 2X 10°* w eserine............ 7.5 .2, 8.8 8.1 7.4, 8.8 108 2 


* «.e.m., standard error of the mean. 
ACh acetylcholine. 


Absence of Noradrenaline from Medium— Although there was a 
prominent adrenaline band, no noradrenaline could be detected 
on the chromatograms of the media from these experiments. 
This is in accord with the observation of Hékfelt (17) that there 
is virtually no noradrenaline in the adrenal medulla of the adult 


guinea pig. 

Stability of Adrenaline in Medium during I ncubation—Experi- 
ments were carried out to test whether, under the conditions 
used, adrenaline was reasonably stable in the medium during the 
period of incubation. Adrenaline bitartrate (20 ug.) was added 
to the medium in which adrenal medulla slices had been prein- 
cubated, and this medium was then incubated for an additional 
90 minutes. Assay before and after incubation showed that 
there was no loss of adrenaline by this procedure. Also, adren- 
aline bitartrate (20 yg.) was added to the medium in the presence 
of slices of adrenal medulla. After incubation, the adrenaline 
found in the vessels to which adrenaline had been added was 
equal to the sum of the amount added plus the amount from the 
tixaue; this indicated that there had been no loss under these 


amounts of acetylcholine was about 10 per cent of the amount 
stored in the gland. 

We were unable to obtain secretion of adrenaline in slices of 
beef adrenal medulla in response to acetylcholine. Possibly this 
was due to the elapse of too great a time between slaughter of 
the animals and incubation of the tissues. 

The Incorporation of P® into Phospholipides in Slices of Guinea 
Pig Adrenal Medulla— About 80 per cent of the P® on the chro- 
matograms of P®-labeled phospholipides from the adrenal me- 
dulla slices was in the phosphatidy! choline and phosphoinositide 
spots. Phosphatidyl ethanolamine and phosphatidic acid were 
usually clearly defined. With the doses of P® used here, phos- 
phatidy! serine was not sufficiently labeled to show on the auto- 
radiograms. 

In the presence of 10° w acetylcholine (with eserine), the in- 
corporation of P® was increased on average about 150 per cent 
into phosphoinositide and about 100 per cent into phosphatidic 
acid. There was no significant stimulation of P® incorporation 


4 Amounts of adrenaline are expressed throughout as micro- 
grams of adrenaline hydrochloride. 


j 
4 
*«e.m., standard error of the mean. 
4 
RESULTS ' 
| 
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Taste III 
Effect of acetylcholine on incorporation of P™ into individual 
phospholipides in slices of guinea pig adrenal medulla 
Eserine (2 X 10~* m) was added with the acetylcholine. Ex- 
periments were carried out as described in the text. 


P® radioactivity (c. 
10 pg. of phospholipide 
Spot No. | Rp Phospholipide 
Control | | Increase 
% 
Base-line | 0 Unidentified 59 31 
1 0.07 | Unidentified 
2 0.11 Cadet 135 149 10 
3 0.15 | Unidentified 
4 0.22 | Phosphoinositide 708 | 1560 | 120 
5 0.35 | Phosphatidyl choline | 1090 | 1180 i) 
6 0.49 | Phosphatidyl ethanol-| 97 106 10 
amine 
7 0.70 | Phosphatidie acid 196 358 8 
Total chloroform ex- | 2220 | 3480 
tract (c.p.m. per 10 
a4 of phospholipide- 


Tasie IV 
Effects of various concentrations of acetylcholine on incorporation 
of P** into phospholipides of slices of guinea pig adrenal medulla 
Experiments were carried out as described in the text 


Phospha_ 
tidy choline|*i4y! ethan- 
2 X m eserine —10 —13 
10-* ACh + 2 X +33 —19 +33 
eserine 
10-*« ACh+2X10*m | +164 +7 +10 +92 
eserine 
10-* w ACh + 2 X 10°* uw +75 +8 0 +19 
eserine 
10-3? ACh + 2 X 10°* —5 —40 —10 | 
eserine 
* ACh, acetylcholine. 


into phosphatidyl choline and phosphatidyl ethanolamine. The 
results of a typical experiment are shown in Table III. 

Eserine (2 x 10~* m) had no significant effect on the incorpora- 
tion of P® into the phospholipides; 10~* m acetylcholine stimulated 
the incorporation of P® into phosphoinositide and phospha- 
tidic acid about 30 per cent (Table IV). With concentra- 
tions of acetylcholine up to 10°* m, the stimulations of P" 
incorporation into phosphoinositide and phosphatidic acid paral- 
leled the stimulation of adrenaline secretion (Table II); both ap- 
peared to be about maximal in the presence of 10™* » acetyl- 
choline. With 10 m acetylcholine, the stimulation of P*® 
incorporation into phosphoinositide and phosphatidic acid was less 
than with m acetylcholine, and with 10 acetylcholine 


Phospholipides and Adrenaline Secretion 


there was an inhibition of P® incorporation into all four phospho 
lipides which were measured (Table IV). 

The effects of acetylcholine on adrenaline secretion and 
on the incorporation of P® into the phospholipides were com- 
pletely abolished by 10°* m atropine (Table V). The action of 
acetylcholine in the adrenal medulla of the cat is predominantly 
“nicotine-like,”” with a small “muscarine-like” component (18). 
In the cat, low doses of atropine (0.1 mg.) inhibit only the smal 
stimulation of adrenaline secretion which is the result of the 
“muscarine-like” action of acetylcholine (18). However, larger 
doses of atropine have been shown to inhibit other “nico- 
tine like” actions of acetylcholine (19). The concentration of 
atropine used in the slices of guinea pig adrenal medulla was 
probably high enough to inhibit a “nicotine-like” action of 


acetylcholine. 


Synthesis of adrenaline was not measured in these experiments. 
There is, however, no reason to suppose that adrenaline synthesis 
was stimulated by acetylcholine under these conditions. Butter- 
worth and Mann (20) found that several days elapsed before the 
adrenaline and noradrenaline content of the cat adrenal medulla 
was restored after depletion in vivo with acetylcholine. 

The fact that, in the presence of high concentrations of acetyl- 
choline, adrenaline secretion was stimulated whereas the in- 
corporation of P® into all of the phospholipides was inhibited can- 
not be construed as disproving that phospholipide turnover 
plays a role in adrenaline secretion. The total incorporation of 
P® into the phospholipides is a function of more than one reac- 
tion; the rate of turnover of precursors, the rate of synthesis 
de novo of phospholipides, etc., are all concerned. The inhibition 
of one of these reactions could lead to an inhibition of the over- 
all incorporation of P® into the phospholipides even though a 
stimulation of the specific reactions which give increased turn- 
over of phosphoinositide and phosphatidic acid in response to 
acetylcholine might still be occurring. The general nature of 
the inhibition by high concentrations of acetylcholine suggests 
that the points at which acetylcholine acts to bring this about 
are different from the points of action involved in the stim- 
ulation, with the net result that the specific stimulation is 
masked by a nonspecific inhibitory effect. 

The stimulation of adrenaline secretion by the adrenal medulla 
appears to involve an increased incorporation of P® into the 
phospholipides in a similar way to that observed when protein 
secretion from exocrine glands is stimulated. In each case, the 
stimulation of P® incorporation is greatest in i i 
and phosphatidic acid. These results indicate that the hy- 
pothesis that phospholipides play a role in the active secretion of 
proteins by exocrine glands (3, 4, 21), and of polypeptides by 
endocrine glands (5) may be further extended to include the se- 
cretion of such small molecules as adrenaline. 

Previous work showed that a phospholipide effect was ob- 
tained in slices of brain cortex in response to acetylcholine (22, 
23). In view of the similarity of the effect to that obtained 
when protein secretion was stimulated in exocrine glands, the 
simplest hypothesis to account for this phenomenon seemed to 
be that acetylcholine stimulates the secretion of some complex 
molecule by cells of the brain cortex (21). However, in view of 
the present work, it seems possible that the phospholipide effect 
in brain slices may be connected with the secretion of material 
of small moleculer weight. 
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‘pho- Taste V 
Effects of atropine on responses of guinea pig adrenal medulla slices to acetylcholine 
and b.\periments were carried out as described in the text. Adrenaline was estimated in triplicate after chromatography in triplicate 
(Om — of pooled samples of media from three vessels; the individual values did not differ from the mean by more than +5 per cent. P* 
m of incorporation was determined individually on the same tixsues that were used for measuring adrenaline secretion; the data are ex. 
ntly pressed ax in Table IV. 
~ P® incorporation (average ©; difference from control) | 
Control Additions 
n of Mean Range Mean Range 
ACh* 
wesw AC | 
2X exerine f 7.8 Is.2 +180 (+67-+250) |(=19-+20) 3 
Ww * ACh | | | | 
2X 10 exerine 0.7 10.6 +3 \(-164+17) | -8 
nts. * t | 
* ACh, acetylcholine. 
alla SUMMARY cent, and into phosphatidic acid, 100 per cent. There was no 
vie |. The seeretion of adrenaline in response to acetylcholine has “#Rificant stimulation of incorporation into phosphatidy! 
heen studied in slices of guinea pig adrenal tulle. Abou choline and phosphatidyl ethanolamine. With concentrations 
pm medulla. . t7 
in- of acetylcholine of 10-4 and 10° w, the stimulation was masked 
yx. of adrenaline were found in the medium after incubation of 
by superimposed nonspecific inhibitory effect on the incorpora- 
all of the slices of medulla from one pair of adrenals; thix amount ; _— 
ver one tion of P® into all of these phospholipides. 
pproximately the same in each animal although there were , : 
t differences in the weights of the glands in different animals, 3. Atropine completely abolished the effect of acetyl- 
choline on adrenaline secretion and on the i tion of 
sig (with eserine) stimulated the secretion of adren- 
on line; 10°* acetylcholine elicited maximal response, which the phospholipicles. 
ip. averaged 5.5 wg. of adrenaline secreted above the control value 4. From these results, the hypothesis that phospholipides play 
a per pair of adrenals. a role in the active secretion of proteins by exocrine glands and 
si 2. In the presence of 10°* wt acetylcholine, the incorporation — of polypeptides by endocrine glands has been further extended to 
to of P® into phosphoinositide was stimulated on average 150 per — include the secretion of adrenaline by the adrenal medulla. 
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Previous studies showed that acetylcholine, in the presence of 
eserine, stimulated the incorporation of P® into the phos- 
pholipides in slices of guinea pig brain cortex (2,3). The major 
stimulation occurred in phosphoinositide and in phosphatidic 
acid, with a lesser stimulation in phosphatidyl choline (3). 
The incorporation of glycerol-1-C™ into the total glycerophos- 
phatide fraction was not increased under conditions in which 
P® incorporation was stimulated (2). The physiological signifi- 
cance of the phospholipide effect in brain cortex slices ix not 
yet understood, although some suggestions have been advanced 
(4). 

The present study is primarily concerned with the incorpora- 
tion of inositol-2-H? into phosphoinositide in slices of guinca 
pig brain cortex incubated in the presence and absence of 
acetylcholine. The radioactive phosphoinositide isolated from 
brain cortex slices after incubation in ritro has been shown to 
be a monophosphoinositide. Stimulation by acetyicholine of 
P* incorporation into this phosphoinositide is accompanied 
by an equal percentage of stimulation of inositol-2-H? incorpora- 
tion; the incorporation of glycerol-1-C™ is not stimulated. 

The incorporation of P®, glveerol-1-C™, and inositol-2-H 
into the other phospholipides in the presence and absence of 
acetyicholine has also been studied, 


EXPERIMENTAL 

Slices of guinea pig brain cortex were prepared as described 
previously (2). In the present work, two male guinea pigs 
that weighed individually between 500 and 600 gm. were used 
for each experiment. Equal portions of between SO and 100 mg. 
of tissue from each brain were placed in cach vessel. The slices 
were incubated in 2 mil. of Krebs-Henseleit bicarbonate saline 
(5) which also contained 2 mg. of glucose, | mg. of inositol, and 
125 wg. of glycerol, Drugs were added as indicated. Each 
vessel contained cither NaH,P®O, (50 to 2030) ye. per 
umole), inositol-2-H® (1 we. per gmole), or 
(1 ye. per Inositol-2-H? was synthesized from myo- 
inosose-2 as described previously (6). The tissues were incu- 
bated in stoppered Erlenmeyer flasks (25 ml. capacity) in a 
Dubnoff metabolic incubator for 2 hours at 38° with 95 per 
cent O;, + 5 per cent CO, as the gas phase. 

After incubation, the lipides were extracted, separated by 


* These investigations were aided by a grant from the United 
Cerebral Palsy Research and Educational Foundation, Ince. Part 
of this work has been presented in a preliminary report (1). 

t Present address, Department of Physiological Chemi«try, 
University of Wisconsin, Madison, Wisconsin. 


chromatography, and assayed for radioactivity as deseribed 
previously (6, 7). 

The total phoxpholipide-P of brain cortex slices was deter 
mined by digestion of samples of the chloroform extract« and 
estimation of total P by the method of Fieke and SubbaRow (8). 


RESULTS 

Phospholipide Content of Brain Cortex Slices Ineubated in 
Presence and Absence of Acetylcholine The quantities of phoe 
pholipide-P extracted from separate samples of theue whieh 
had been incubated under identical conditions agreed within 
5 per cent. The phospholipide-P content of incubated slices 
of guinea pig brain was about 125 gg. per 100 mg. of fresh teu, 
Addition of acetylcholine (with exwrine) to the incubation 
medium did not result in an inerease in the phoxpholipide-P 
content of the teeue. 

Identification of Phospholipides— Miter chromatography of 
the P™labeled phoepholipkles from slices of guinea pig brain 
cortex, the autoradiograms showed seven clearly defined «pote 
(Fig. 1). Phosphatidy! choline, phoxphatkivl serine, 
phatiiy! ethanolamine, and phosphatidic ackl were ilentified 
by the methods described elsewhere (6, 9). 

‘oleh (10) showed that calf brain contains a diphosphoinosit 
which, on hydrolysix in 6s HCl at 100° for 10 minutes, viekled 
M4 per cent of the P of the mother «ubetance as inositol metadi- 
phosphate and 4 per cent as orthophosphate. Hydrolysie 
under the same conditions of a sample of the potasium salt of 
diphoxphoinositide kindly given to ux by Dr. Folch, followed by 
clectrophoresix on paper in 0.02 w lactate baffer, pH 3.6 (11), 
revealed four phoxphate-containing «pets (located by the 
method of Wade and Morgan, (12)) whieh had the sme mo- 
bilities as authentic «amples of inositol metadiphoephate, 
orthophosphate, glveerophosphate, and inesitel monophosphate; 
the relative mobilities of these compounds are indicated by 
arrows in Fig. 2. Hutchixon of al. (13) have previously shown 
that inositel metadiphoxphate hax a higher clectrophoretic 
mobility than orthophoxphate. To identify the P*™labeled 
phospholipide of Spot 2 on the chromatograms (Fig. 1), the 
material was eluted in chloroform-methanol-water (75:25:2) 
(6) and hydrolyzed in 6s HC) at 100° for 10 minutes. Electro 
phoresis on paper of the hydrolysate with authentic samples of 
inositol monophosphate, orthophosphate, and 
inoxitel metadiphaxphate (6), followed by «praying and autor 
diography, showed that the main mdionective spot coincided 
with the inositel monophosphate spot; there was alse a labeled 
glycerophosphate «pot, a labeled orthophosphate «pet, and 
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labled spot with very low mobility which was not identified 
(Fiz. 2). The radioactivity of the inositol monophosphate 
accounted for 67 per cent of the total radioactivity of the hydrol- 
yante; 18 per cent of the total radioactivity was recovered as 
gl) erophosphate, 2 per cent as orthophosphate, and | per cent 
as the unidentified spot near the base-line. There was no 
evelence of a P-labeled inositol metadiphosphate spot. It 
therefore appears that the radioactive material of Spot 2 (Fig. 1) 
monophosphoinositide. This labeled monophosphoinositice 
is not an artifact in vitro in brain slices. When phoepholipides 
labeled with P*® in rire in mouse brain (9) were examined, the 
came highly labeled phosphoinositide spot was seen. Hydrol- 
ysis of an eluate of this material with 6 ~s HC! at 100° for 10 
minutes yviekled SO per cent of the rmdioactivity as inositol 
monophosphate, 14 per cent as glyeerophosphate, and 3 per 
cent as orthophosphate; there was no evidence of an inositol 
metadiphosphate «pet on the autoradiogram of the cleetrophero- 
gram. 
Chromatography of a sample of under the 
sare conditions as theme used for the separation of phospholipides 
from brain extracts, followed by staining with Rhodamine G 
am! vieuslization in ultraviolet light (14), revealed a «pot with 
an Ry which ranged from 0 to 0.04. On the chromatogram: 
of labeled lipides from brain cortex slices the base-line was 
wually only faintly labeled, and no spot with appreciable 
rdionctivity was seen between the base-line and Spet (Ry, 
0.13) (Pig. 1). seemed, therefore, either that very littl 
was incorporated into diphosphoinesitide, of that most of the 
diphoxphoinositide was not present in the lipikle extracts as 
prepared here. Further evidence for this was obtained. Carrier 
diphosphoinositide (100 pg.) was added to a P-labeled 
pholipkle extract whieh contained 22.5 yg. of phospholipide-P, 
aml the mixture was hydrolyad in 6 ~ HCl at 100° for 10 
minutes. After eleetrophoresie of the hydrolysate, spraying 
revealed phoxphate-contaiming spots with mobslities 
with those of authentic samples of incsitel metadiphoephate, 
orthophosphate, glyeerophosphate, and inositol monophosphate ; 
there was ake a filth spot of very low mobility. The five 
spots were alkeo seen on the autoradiogram; they showed the 
following percentage composition with respect to FP": incsitel 
metadiphosphate, 1.5; orthophosphate, 18; glycerophoephate, 
514; inositel monophosphate, 27.5; the unidentified «pet, 1.6. 
Several groups of workers have reported that a highly labeled 
substance, presumably 
meitel, was obtained after hydrolyse with 0.2 « methanolic 
NaOH of P™tabeled phoepholipkles from brain “diepersions” 
(15), brain mitochondria (16), and brain cortex slices (3). It 
woe that thie hydrolyse product wae derived from 
diphoxphoinesitide. Since the methods of extraction of the 
immitelcontaining hydrolysis praduet wae in all likelihood 


derived from brain monepheephoinesitide rather than from 
Lip weber. 

of Act ine on Incorporation of 
and Glycerol-1-C™ into in Slices of Guinea 
lq Brain Cortes — After meubation of slices of guinea pig brain 
cortex with inositel-2-H’, the only lipkle whieh contained any 
sgnificant on the chromatogram: was the mone- 
of Spet 2; the rmdionetivity of the mone- 
plusphoinesitide agreed within experimental error with the HH’ 
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Fie. (left). Autoradiograms of P-labeled phospholipides 
from guines pig brain cortex «lices. control; S, incubated in the 
presence of acetylcholine (10 * plus exerine (9 10 The 
numbers indicate ax follows: /, unidentified; 2, monophosphe- 
inositide; 3. unidentified; 4. phowphatidy! choline; 4, phospha. 
tidy! serine; phosphatidy! ethanolamine; 7, phosphatidic acid. 
Aliquots of the chloroform extracts corresponding to phospholip: 
idew from 5 mg. of fresh were chromatographed on silicic 
acid impregnated paper with dimobuty!l ketone acetic acid water 
(40:30:27) the selwent (7). 

Fira. 2 (right). Autoradiogram of an cleetropherogram of an 
acid hydrolyveate of P-labeled phoephoinowitide (Spot 2 of Fig. 
from guinen pig brain cortex slices Arrows indicate the mo 
bilities ander these conditions of the hydrolysis products of a 
known sample of brain diphosphoinesitide. The numbers indi- 
cate ax follows: menaphesphate; 9, glyeerophosphate ; 
10, orthophosphate; inoxitel metadiphoxphate. lonophoresi« 
wae carried out om paper in 0.02 w lactate buffer, pil 3.6, for 70 
minutes with an applied voltage of 28.5 wolt« per em. (11). 


S19 
J 
f 
a rel el 
4 
hin 
wel “4 4 
bee 
C Ss 
‘ 
ngs 
od 
bey 
1), 
hoe 
te, 
te; 
n 
tw 
bee 
2) 
of 
“e 


Acetylcholine Effects in Brain Slices Vol. 233, No. 4 


Tame 
Effect of acetylcholine on incorporation of glycerol-14, and 2.1" 
into individual phospholipides in slices of quinca pig brain corter 
All slices were from the same animals and pooled as described in the text. The experimental vessels contained 10°" w acet v1. 
choline plus 3 X 10~* w eserine. NaH,P"0,, glycerol-1-C", or inositol-2-H* were added as indicated. The counts per minute ore 


corrected for initial specific activities in the medium of 25 gc. of P*™ per smole of phosphate, | ge. of C'* per smole of glveerol, and 1 
ue. of H* per smole of inositol. 
Total ‘cpm. me tinue) 
Control Stomulated Increase Control Im reese | Control stomulated 
Unidentified Spot 3,200 4,902 17 | 
Phosphoinositide... 10,800 25,700 136 1, S28 1,700 | 2,400 
Phosphatidyl choline. 24,400 31,000 | 3,620 2.500 -2 
Phosphatidyl serine.....__. 3,500 3,880 4 7 | 
Phosphatidyl ethanolamine | 3, 880 4,550 25 | 1,353 1,318 -3 
Phosphatidic acid... . 4,180 16,000 = was +12 
Total extract. 68, 100 5s 11,050 11, 180 | 2,680 145 
—, counts not significantly above background. ae 
' Not corrected for retention on paper. 
radioactivity of the total lipide fraction (Table 1). This pro- serine, 13 (range, 8 to 17 in two experiments); phosphatidyl 


vided good evidence that the H® was incorporated as inositol-2-H? 
under these conditions, and also established that estimation of 
the H? radioactivity of the total lipide extract was a valid 
procedure for the estimation of inositol-2-H?* incorporation into 
monophosphoinositide. 

As reported previously (3), acetylcholine stimulated the 
incorporation of P® into a phosphoinositide in slices of guinea 
pig brain cortex. Chromatography of the lipides showed that 
this stimulation occurred in the monophosphoinositide of Spot 2. 
In slices from the same animals, which were pooled as described 
above, acetylcholine increased the incorporation of P® and 
inositol-2-H? into this monophosphoinositide to approximately 
the same extent (Table I). In eight experiments, the average 
stimulation of P® incorporation into monophosphoinositide was 
74 per cent (range, 31 to 139 per cent); in five separate experi- 
ments with different animals the average stimulation of inositol-2- 
H? incorporation into monophosphoinositide, as measured by the 
H* radioactivity of the total lipide fraction plated at infinite 
thickness, was 81 per cent (range, 34 to 144 per cent). These 
results further substantiate the fact that acetylcholine stimulates 
the turnover of phosphate and inositol in monophosphoinositide 
to the same extent. 

Glycerol-1-C™ incorporation into the monophosphoinositide 
was not stimulated in the presence of acetylcholine (Table 1). 

Effect of Acetylcholine on Incorporation of P® and Glycerol-1-C™ 
into Other Phospholipides—\n six experiments the average 
stimulation by acetylcholine of P® incorporation into the phos- 
phatidie acid of Spot 7 was 97 per cent (range, 11 to 283 per 
cent). Previous work showed that in the presence of acetyl- 
choline there was an average increase of 100 per cent in the 
specific activity of the glycerophosphate which was obtained 
after mild alkaline hydrolysis of the lipide extracts, and which 
was presumed to be derived from phosphatidic acid (3). 

The percentage stimulation of P® incorporation into the re- 
maining phospholipides was as follows: phosphatidy! ethanola- 
mine, 7 (range, —25 to 41 in six experiments); phosphatidyl! 


choline, 19 (range, 2 to 42 in six experiments); the unidentified 
lipide of Spot 1, 45 (range, 7 to 74 in three experiments). 

Acetylcholine did not bring about an increase in the incorpora- 
tion of glycerol-1-C™ into any of the phospholipides; in the 
presence of acetylcholine there was some inhibition of glvcerol-1- 
incorporation into phosphatidyl choline, phosphatidyl 
serine, and the unidentified lipide of Spot 1. Earlier studies 
showed that acetylcholine inhibited the incorporation of glveerol- 
1-C™ into the total glveerophosphatide fraction (2). 

There was considerable C™ radioactivity in the nonphosphorus- 
containing fraction which ran at the solvent front on the chroma- 
tograms; this was not appreciably affected’ by acetylcholine 
(Table I). 

DISCUSSION 

The major finding of this work is that a highly labeled mone 
phosphoinositide ix present in slices of guinea pig brain cortex 
which have been incubated with either P® or inositol-2-H", and 
that the stimulation by acetylcholine of P® incorporation inte 
this phosphoinositide is accompanied by an equal stimulation 
of the incorporation of inositol-2-H’. Thix suggests that in 
the presence of acetylcholine there i« an accelerated rte of 
formation of monophosphoinositide from labeled inositol mone- 
phosphate. 

In view of previous work with other timues (4, 6, 17-20), it 
seems likely that the phospholipide effect in brain slices & 
related to a stimulation by acetylcholine of the active transport 
of some material in brain tissue. 

In pancreas slices, the stimulation of the incorporation of I 
and inositol-2-H? into phosphoinositide A accompanied by a 
stimulation of the incorporation of glycerol-1-C™ (6). In slices 
of guinea pig brain cortex, glycerol-1-C™ incorporation into the 
monophosphoinositide is not stimulated by acetylcholine, 
although the incorporation of inositol-2-H? and the incorporatior 
of P® are both stimulated. It ik hoped that work with cell- 
free preparations may help to clucidate the mechanimems involved 
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in the incorporation of these three labeled precursor in the and of inte monophoxphoinositide were both 


|. After incubation of guinea pig brain cortex slices with 
Nall, P™O,, the lipides were separated by paper chromatography 
am! five different radioactive phoepholipkles were identified. 
These were phosphatidyl choline, phoephatidy! ethanolamine, 
phoxphatkiy! serine, phosphatidic acid, anil «a monepho 
phoinositide. Two additional unidentified radioactive «pots 
were seen. 

2. When the slices were incubated with inositel-2-H’, the 
only H*™labeled phospholipkle in the lipkle extracts was 


ide. 
3. In the presence of acetylcholine, the incorporation of 


increased to approximately the same extent. This suggests 
that seetyleholine stimulates the incorporation of inositol 
phosphate as a unit into monophosphoinositide. The average 
stimulation was about SO per cent. Glycerol-1-C™ incorporation 
into monophosphoinesitide was not increased in the presence 
of acetylcholine. 

4. Acetylcholine stimulated the incorporation of P* into 
phosphatidic acid about 100 per cent. There was no equivalent 
inetease in the incorporation of glyeerol-1-C* into phosphatidic 
acid. 


Acknowledgmente—The authors are grateful to Dr. J. Foleh 
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Early studies showed that the incorporation of P® into various 
phospholipides was increased when protein secretion was stimu- 
lated in slices of pancreas or salivary glands (1-3). A phos- 
pholipide effect was also observed in brain cortex slices in response 
to acetylcholine (4, 5). Attempts to obtain a phospholipide 
effect in homogenates and washed particulate fractions of pan- 
creas and salivary glands were unsuccessful. However, a 
phospholipide cffect was obtained in homogenates and various 
cytoplasmic particulate fractions of guinea pig brain cerebral 
hemispheres under conditions of oxidative phosphorylation. 
After separation of the phospholipides by chromatography, 
the stimulation by acetylcholine in the cell-free system was found 
to take place exclusively in phosphatidic acid; the incorporation 
of P® into at least two unidentified lipoid materials was inhibited 
by acetylcholine. 


EXPERIMENTAL 


Preparation of Cell Fractions — Male guinea pigs which weighed 
between 700 and 900 gm. were decapitated and the brain was 
quickly removed and placed in chilled 0.25 m sucrose. The 
cerebral hemispheres were homogenized with 20 ml. of 0.25 
sucrose for 40 seconds in a loose-fitting Potter-Elvejhem all 
glass homogenizer. All centrifugations were carried out in a 
No. 40 rotor of the Spinco model L centrifuge. ‘The homogenate 
was first centrifuged for 5 minutes at 3000 r.p.m. (600 x g). 
The supernatant fluid from this spinning is referred to as the 
cytoplasmic fraction; the sediment was discarded. 

Centrifugation of the cytoplasmic fraction at speeds as low as 
11,300 r.p.m. (8500 x g) for 10 minutes sedimented virtually all 
of the visible particulate material; this was presumably due to 
agglutination of the particulate material by salts in the cell sap. 
However, after resuspension of the particulate material by homog- 
enization in 0.25 mM sucrose, much higher centrifugal forces were 
required to resediment all of this material, and particulate frac- 
tions of high and low density could more readily be separated. 
The cytoplasmic fraction was therefore routinely centrifuged 
for 10 minutes at 40,000 r.p.m. (105,000 x g), and the cytoplasmic 
particulate material was resuspended in 24 ml. of 0.25 M sucrose 
with the homogenizer before preparation of the various fractions. 

The cytoplasmic particulate fraction refers to the residue ob- 
tained by recentrifugation of the resuspended evtoplasmic 


* These investigations were aided by grants from the United 
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particulate material for 15 minutes at 40,000 r.p.m.; the super 
natant fluid was carefully removed with a Pasteur pipette and 
the resklue was resuspended in 0.25 m sucrose to give a final 
volume of 1 to 2 mi. 

The mitochondrial fraction refers to the residue obtained by 
recentrifugation of the resuspended cytoplasmic particulate 
material for 10 minutes at 11,300 r.p.m.; this material was 
resuspended in 0.25 M sucrose to give a final volume of 0.5 to 1 
mi. 

The supernatant material which remained after removal of the 
mitochondrial fraction was centrifuged for 15 minutes at 40,000 
r.p.m. The microsomal fraction refers to the residue obtained; 
it was resuspended in 0.25 M sucrose to give a final volume of 
0.5 to 1 mil. 

To ensure even dispersion, resuspension of all fractions was 
carried out with a small glass homogenizer which was constructed 
to fit the Spinco centrifuge tubes. 

I neubation of Cell Fractions — An equal volume of stock medium 
was added to between 0.2 and 0.4 ml. of the resuspended frae- 
tion. The stock medium consisted of 0.2 mw glveyl glycine, 
pH 6.6, 0.002 « AMP, 0.002 w sodium fumarate, 0.2 sodium 
pyruvate, 0.0016 MgSO, 4 x evtochrome ¢, 0.002 
uw NaH.PO, with 50 to 200 ye. of P® per mi. This medium dif- 
fers from that used by Dawson (6) and MeMurray ef al. (7) 
in that sodium fluoride was not added. Aqueous solutions of 
acetylcholine chloride, eserine sulfate, and atropine sulfate 
were added to give final concentrations as indicated; the volume 
of these solutions when added to the vessels was not more than 
10 per cent of the volume of the final incubation mixture. In- 
cubations were carried out in air for | hour at 38° in a Dubnoff 
metabolic incubator. Comparisons of the incorporation of P* 
into the phospholipides were always made between different 
samples from the same brain preparation; usually eight vessels 
were incubated in each experiment. 

Extraction and Separation of Phospholipides — At the end of the 
incubation period, 4 mil. of chilled 10 per cent trichloroacetic 
acid were added to the incubation mixture. The detailed 
procedure for the removal of contaminating P", extraction and 
purification of the phospholipides, chromatography, autoradiog- 
raphy, and counting of the spots has been deseribed (8). Except 
as otherwise indicated, the phospholipides were separated by 
chromatography on silicic acid-impregnated paper with di- 
isobutyl ketone-acetic acid-water in the proportions of 40:30:7 
(9) or 40:25:5 (10). Aliquots of the chloroform extracts of 
the phospholipides were chromatographed in duplicate. The 
activity was expressed as counts per minute of the total material 
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from the cerebral hemixpheres of one animal; it was corrected 
to an initial «pecifie activity of | ge. per smole for the inorganic 
Pol the medium. To establish that the recovery of the phos 
pholipkles, expecially phosphatidie ackl, was sufficiently re- 
pralucible to allow comparison of the total activity obtained 
from cach sample, four replicate samples were incubated and 
carres! through the entire procedure separately. When the 
rdbaectivity of the total phoepholipides was counted, the average 
difference of individual values from the mean was 3 per cent 
(range, 2 to 4 per cent); when the rmdioactivity of the phos 
phatidie ackl was counted, the average difference of individual 
values from the mean was 4 per cent (range, 2 to 6 per cent). 
The identifiestion of the phosphatidic acid «pot on these chroma- 
togrames ix described elsewhere (11); it was found to resemble 
dowly the phosphatidie acid olated from cabbage leaves. 
RESULTS 

Chromatographic Separation of Phospholipides from Cylo- 
plasmic Particulate Fractions after Incubation with —When 
chromatograms prepared with the dimobuty!l ketone-acetic 
ackl-water solvent were stained with Rhodamine G and ex- 
amined in ultraviolet light (12), the usual well defined phosphe- 
lipkle spots could be seen. The amount of phosphatidic acid 
obtained from incubated brain preparations was ineufficient 
for visualization by thie methed. On the autoradiograms, 
phosphatidic acid was usually the only dixerete «pot (Pig. 1). 
The radioactivity in the phoephatidie acid spot accounted on 
average for 20 per cent (range, 12 to 45 per cent) of the total 
radionetivity in the chloroform extracts from brain cytoplasmic 
particulate fractions incubated under these conditions A 
spot and faint «pets of other phoxpheo- 
lipkles were sometimes seen on the autoradiogram= The 
monophosphomesitide was definitely lentified as such by 
hydrolysis of an eluate followed by ionophoresix on paper with 
authentic inexitel monophosphate (8). Hydrolysm of the 
monophosphoinasitide vielded 70 per cent of the total 
activity of the eluate as inositol monophosphate, 15 per cent as 
glveerophosphate, and 6 per cent as orthophosphate. A 
similar monophosphoinesitide was found in incubated sliees of 
guines pig brain cortex (13). 

Most of the rmulioactivity which was net accounted for in 
phosphatidic was in unidentified material whieh, with «i- 
isobutyl ketone-acetic ackd-water as the solvent, streaked from 
the base-line for variable distances, but not as far as the pho 
phatidie acid spot. It was presumably lipokl material sinee 
it was not removed either by further washing of the chloroform 
e\tracts with 0.1 ~s HCl or by prolonged washing of the chroma- 
tegrams with water. This material was resolved into three 
dixerete spots by ascending chromatography of the phoxphe- 
lipkle extracts on silicie acikl-impregnated paper with phenel 
saturated with O.1 per cent NI, as the solvent. In thix «vetem, 
phosphatidic acid ran near the solvent front (Ry, =— 0.78); 
the unidentified radioactive materials were called A (Ry = 0.06), 
Bb (Ry, = 0.30), and C (Ry = (Fig. 1). On some chroma- 
tegrams Spot C separated into two components. The sum of 
the measurements of radioactivity for the four spet« on the 
phenol-NH, chromatograms accounted on average for SO per 
cent of the total radioactivity applied to the paper; 5 per cent 
wax in Spet A, 25 per cent was in Spot I, 29 per cent was in 
Spot C, and 20 per cent was in phosphatidic acid. Some of the 
other phosxpholipides ran with the same Ry, as phosphatidic acid 
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Fie. t. Autoradiograms of labeled pho«phelipides from a 
brain microsomal preparation. /, ascending chromatography on 
aed impregnated paper with disebutyl ketone acetic acid. 
water (40:25:5) a« the solvent. control, S, «timulated with 
acetylcholine (10 //, ascending chromatography on silicic 
acid-impregnated paper with phenol saturated with O.1 per cent 
NH, as the solvent. 1, B,C, unidentified. 1., phosphatidic 
acid. 


in the phenel-NH, selwent; these were not labeled with P@ 
in brain evtoplasmic particulate fractions <o they did net inter- 
fere with the counts. 

Effects of Acetylcholine on Incorporation of into Phospho- 
lipides in Various Cytoplasmic Particulate Fractions —When 
acetylcholine (10° * was added to a evtoplasmic particulate 
fraction which was undergoing oxidative phosphorylation, there 
Was an inerease of 20 to 70 per cent in the incorporation of P® 
inte phoxphaticie acid. In those experiments in whieh the in- 
corporation of P@ into phosphoinositide and other known phos- 
pholipides was sufficient to measure, there was no inerease in the 
incorporation of P* inte these phospholipides in the presence 
of acetyleholine. The eytoplasmie particulate fraction differs 
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from brain slices in that, in the latter, acetylcholine stimulates 
the incorporation of P® into both phosphoinositide and phos- 
phatidic acid about 100 per cent (5, 13). 

There was no stimulation of P® incorporation into phosphatidic 
acid in the presence of 10-* m and 10-7 m acetylcholine. With 
concentrations of acetylcholine of 10-* m and above, the incor- 
poration of P® into phosphatidic acid was stimulated; the stimu- 
lation increased linearly with the logarithm of the acetylcholine 
concentration until it reached a maximum at about 3 x 10-* w 
acetylcholine (Fig. 2). 

The incorporation of P® into Spot A and Spot C on the phenol- 
NH; chromatograms was inhibited on average 27 per cent and 
29 per cent, respectively, in the presence of acetylcholine (10~‘ 
M); there was no significant change in the incorporation of P® 
into Spot B. These inhibitions, together with the fact that the 
incorporation of P® into phosphatidic acid was only 20 per cent 
of the total incorporation of P® into the phospholipides, account 
for the observation that there was no significant increase in the 
radioactivity of the total chloroform extracts in the presence of 
acetylcholine. Preliminary studies showed that in cell-free 
preparations of guinea pig brain (14), acetylcholine stimulated 
the incorporation of P® into ether-soluble phospholipides iso- 
lated by the method of Friedkin and Lehninger (15); a large 
proportion of the unidentified material found in the chloroform 
extracts was apparently removed by this method. The quantity 
of total phospholipide phosphorus in the chloroform extracts 
was measured in several experiments and found not to be af- 
fected by acetylcholine. 
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Fic. 2. Stimulation of P” incorporation into phosphatidic acid 
in a cytoplasmic particulate fraction of guinea pig brain in the 
presence of different concentrations of acetyicholine. The points 
which are crossed by vertical lines are the average of two values 
from separate experiments; the two ends of each vertical line 
indicate the single values from each of the two experiments. The 
experiments were carried out as described in the text. Exerine 
(10~* m) was added with the acetylcholine. 
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I 
Effects of acetylcholine on incorporation of P™ into total phospho! ip. 
ides and into phosphatidic acid in various cytoplasmic fractions 
The experiment was carried out as described in the text. E-er. 
ine (10°* was added with the acetylcholine. 


+ Acetyl + Acetyl 
Control | choline | Control | choline | [time 
Cytoplasmic... 480-12, 800 | 1, 440 2,120 47 
Cytoplasmic particu- | 
late (washed). . 4,550 3,830 | 1,128 35 
Mitochondrial _. 2.20 2,000 j$£=‘%375 JAS 46 
Microsomal 1505 1,650 | 258 440 71 


The incorporation of P® into the phospholipides in washed 
cytoplasmic particulate fractions was considerably less than 
the incorporation of P® into the phospholipides in the whole 
cvtoplasmic fraction; this suggests that a soluble component 
is necessary for maximal incorporation of P® into the phospho- 
lipides. Kennedy (16) and Marinetti ef al. (17) have reported 
that the incorporation of P®-orthophosphate into the phos 
pholipides of liver mitochondria ix stimulated by the addition 
of the supernatant fraction. 

Under the conditions used in the present work, the incorpora- 
tion of P® into the phospholipides was dependent on oxidative 
phosphorylation which is generally thought to take place only in 
the mitochondria. However, the incorporation of P® into the 
phospholipides in the microsomal fraction of guinea pig brain 
homogenates was almost as great as the incorporation of P® 
into the phospholipides of the mitochondrial fraction; these 
results may mean either that brain microsomes are capable 
of oxidative phosphorylation or that the microsomal fraction 
contained an appreciable number of mitochondria. 

In the presence of acetylcholine there was a stimulation of 
the incorporation of P® into phosphatidic acid in all of the cyto- 
plasmic preparations. Acetylcholine stimulated P® incorpora- 
tion into a washed particulate fraction as much as into the total 
cytoplasmic fraction; this indicated that the stimulation is not 
dependent on any enzymes or cofactors in the cell sap but is a 
property of some particulate component. The greatest stimula- 
tion was in the microsomal fraction. In 12 experiments the 
average stimulation in the microsomal fraction was 63 per cent 
(range, 34 to 100 per cent); in five experiments the average 
stimulation in the mitochondrial fraction was 35 per cent (range, 
13 to 60 per cent); in five experiments the ratio of the percentage 
of stimulation in the microsomal fraction to that in the mito- 
chondrial fraction of the same experiment was 2.3 (range, 1.3 
to 4.0). A typical experiment is shown in Table I. 

Effects of Atropine—Atropine (10°* abolished the stimu- 
latory effect of acetyicholine on the incorporation of P® 
into phoxphatidie acid in a cytoplasmic particulate fraction 
(Table 11). This concentration of atropine was previously found 
to abolish the stimulatory effects of acetylcholine on P® incor- 
poration into the phospholipides in slices of guinea pig brain 
cortex (4). However, in slices of brain cortex, 10°' w atropine 
stimulated the incorporation of P® into the phoxpholipides about 
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Taste Il 
Effects of atropine on incorporation of P™ into phosphatidic acid in 
cytoplasmic particulate fraction 
The experiment was carried out as described in the text. Eserine 
(10°* «) was added with the acetylcholine. 


Additions 
Acetyl hotline Atropene 

0 0 736 
0 1,130 
0 10°* 574 
0 10°* 657 
0 674 

Taste Ill 


Effect of sodium fluoride on incorporation of P™ into total 
phospholipides and into phosphatidic acid in microsomal 
fraction 
The experiment was carried out as described in the text. Es- 

erine (10 was added with the acetylcholine. 


Radioactivity (total «.p.m.) 
Additions Chloroform extract Phosphatidu ac od 
None i 2,680 2,980 770 1,120 
NaF (0.012 19,400 19, 400 13,000 12,300 


40 per cent; in cytoplasmic particulate fractions, there was 
no significant stimulation of P® incorporation into phosphatidic 
acid in the presence of 10~* 10~-* or 10~* atropine (Table 
IT). 

Effects of Various Nucleotides and of Inositol—Neither CTP, 
GTP, UTP, ATP, DPN (all 0.00025 x to 0.0005 m) nor inositol 
(0.0028 m™) caused any increase in the incorporation of P® into 
the phospholipides either in the presence or absence of acetyl- 
choline (10-* «). McMurray ef al. (7) found that in a mito- 
chondrial fraction of rat brain incubated under somewhat dif- 
ferent conditions, CTP (0.00035 ) gave rise to a 3-fold increase 
in the specific activity of the hydrolysis product of phosphoinosi- 
tide. 

Effect of Sodium Fluoride—In the presence of NaF (0.012 m), 
the incorporation of P® into phosphatidic acid in the cytoplasmic 
particulate fractions was greatly increased. However, under 
these conditions, there was no stimulation by acetylcholine of 
the incorporation of P® into phosphatidic acid (Table III). 


The major finding reported in this paper is that acetylcholine 
stimulates the incorporation of P® into phosphatidic acid in cell- 
free preparations of guinea pig cerebral hemispheres. The 
lowest concentration of acetylcholine which gives a phospho- 
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lipide effect in these preparations lies between 10°? and 10~* 
This concentration is within physiological limits and therefore 
provides good evidence that the phospholipide effect is related 
to the physiological action of acetylcholine rather than to some 
ical effect of high concentrations of acetylcholine. 
The inhibition of the phospholipide effect by very low concentra- 
tions of atropine is further evidence of the physiological nature 
of this effect, since atropine antagonizes the physiological actions 
of acetylcholine in a highly specific manner. The fact that high 
concentrations of acetylcholine are required to produce a maxi- 
mal phospholipide effect in slices of brain cortex (4) is almost 
certainly due to a low permeability of the slices to acetylcholine. 
Pharmacological studies in intact animals have shown that 
quaternary cholinergic agents enter the brain very little, if 
at all (see, for example, Pfeiffer and Jenney (18)), although 
in vivo this is probably due in part to the blood-brain barrier. 
Since the greatest effect was found in the microsomal fraction, 
the most likely site of action of acetylcholine would seem to be 
on a component of this fraction such as the endoplasmic reticulum 
or possibly the cell membrane. The stimulation in the mito- 
chondrial fraction is probably due to heavy contamination of 
this fraction with microsomal components. We believe that 
the activation by acetylcholine of the exchange of phosphate in 
phosphatidic acid is related to the action of this neurohormone 
at the molecular level. On the basis of other studies, the ex- 
change of phosphate in phosphatidic acid is believed to be part 
of a carrier mechanism in the transport of various molecules 
across membranes. Acetylcholine may affect a receptor site in a 
membranous component of the cell in such a way as to activate 
an enzyme system which catalyzes the exchange of phosphate 
in phosphatidic acid. 


In cytoplasmic particulate fractions of guinea pig brain 
hemispheres under conditions of oxidative 
phosphatidic acid was the only known phospholipide which 
incorporated appreciable amounts of P®. Phosphatidie acid 
contained 20 per cent of the total radioactivity in the chloroform 
extracts of the lipides; the remaining radioactivity was in several 
unidentified substances. 

Acetylcholine increased the incorporation of P® into phos- 
phatidie acid. The stimulation by acetylcholine was essentially 
the same in the total cytoplasmic fraction, the washed cyto- 
plasmic particulate fraction, and the mitochondrial fraction; 
it was on average about twice as great in the microsomal frac- 
tion. The lowest effective concentration of acetylcholine lay 
between 10°? and between 10-* w and 3 x w 
the stimulation increased linearly with the logarithm of the 
acetylcholine concentration up to the maximal effect, which 
averaged 63 per cent in the microsomal fraction and 34 per cent 
in the mitochondrial fraction. Atropine (10-* m) abolished 
the stimulatory effect of 10~* « acetylcholine. 

The incorporation of P® into at least two unidentified lipoid 
substances was inhibited by acetylcholine. 

The incorporation of P® into phosphatidic acid was greatly 
increased in the presence of NaF (0.012 m); there was no stimula- 
tion by acetylcholine of P® incorporation into phosphatidic acid 
in the presence of NaF. 


Acknowledgment—The authors are grateful to Mrs. Gail 
Stubblefield for technical assistance. 
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Edisbury ef al. (1) showed that when vitamin A,(I) is treated 
with anhydrous ethanolic hydrogen chloride, it is dehydrated to 
yield anhydrovitamin A,(I1) which exhibits bands at 350, 370, 
and 390 my and after treatment with antimony trichloride 
shows an absorption maximum at 620 my. This reaction has 
been studied in detail by Shantz ef al. (2) and also by Meunier 
et al. (3). Its usefulness was recently demonstrated by Bud- 
owski and Bondi (4) who determined vitamin A, in low potency 
materials by conversion to anhydrovitamin A,. 

Shantz (5) observed that anhydrovitamin A, has a biological 
activity of OA per cent as compared to vitamin A,, and when 
fed to rats it is stored in the liver as a compound named rehy- 
drovitamin A,(II]). Rehydrovitamin A, is about 20 times as 
active as anhydrovitamin A, but has only about 7 per cent of 
the activity of vitamin A,. 

Shantz (6) and Cama ef al. (7) found that when vitamin 
AAIV) is treated with anhydrous ethanolic hydrogen chloride, 
it is changed to anhydrovitamin A; The ultraviolet absorp- 
tion spectrum of anhydrovitamin A; is identical with that of 
anhvdrovitamin A,, but with antimony trichloride anhydro- 
vitamin A; gives an absorption maximum at 693 my. Farrar 
et al. (8, 9) showed that crystalline anhydrovitamin A, prepared 
from synthetic vitamin A; is identical in its ultraviolet absorp- 
tion and SbCl, color test characteristics with anhydrovitamin 
A, obtained from natural vitamin A; Recent studies by 
Henbest ef al. (10) have shown that anhydrovitamin A, is 
4’-ethoxy-anhydrovitamin A,(V). If the dehydration of vi- 
tamin A; is carried out in methanol, then vitamin A; is con- 
verted to 4’-methoxy-anhydrovitamin A,. 

In the present study, the spectroscopic characteristics and 
partition data of anhydrovitamin A; and a new compound 
named “rehydrovitamin A,(N),” which both occur naturally 
in the liver oil of the fresh water fish Wallago attu, are described. 
Also given are the spectroscopic properties and partition data 
of another compound named “rehydrovitamin A;.” This is 
obtained from livers of rats fed pure anhydrovitamin A; pre- 
pared from natural vitamin A, alcohol. 


EXPERIMENTAL 


Extraction of Fish Liver Oil—The liver of the fresh water fish 
Wallago attu weighs about 200 gm. and is very rich in vitamin 
A, (11). Livers were cut into small pieces and ground with 
acid-washed sand and anhydrous ««lium sulfate. The dried 
material was divided into two lots. One lot was extracted with 
light petroleum ether in the cold, and the solvent was removed 
in a vacuum without application of heat. The other lot was 
extracted with light petroleum ether by warming on a water 
hath at about 50°, and the solvent was removed under reduced 
pressure on a warm water bath. These two types of extraction 


for a few days, washed, dried over CaCl;, and twice distilled 
before use. Chloroform (B.P.), was left over CaCl, and fil- 
tered before use. Benzene used was of analytical reagent qual- 
ity. Diethyl ether was left over sodium wire and before use it 
was freshly distilled over reduced iron to remove peroxides. 
Absolute ethanol was refluxed with potassium hydroxide and 
zine dust for 6 hours and twice distilled before use. 

Reagenta—SbCl;, acetic anhydride, KOH, anhydrous sodium 


Alumina, specially prepared for was ob- 
tained from Merck and Company. Its adsorptive property was 
deactivated with known amounts of water (usually 5 to 10 per 


METHODS AND RESULTS 


Absorption Spectra and Antimony Trichloride Color Reaction— 
The ultraviolet absorption spectra and antimony trichloride 
color tests were carried out with a Beckman model DU spectro- 


photometer. 

Chromatography of Wallago attu Liver Oil—From 7.4 gm. of 
Wallago attu oil (E{%... at 350 me = 127 in light petroleum 
ether and having a vitamin A;-vitamin A, ratio of 10:1) sterols 
were removed at —30°, and the process was repeated. The 
Ei%... of the oil thus treated was 173.4 and the weight was 6.2 
gm. It was then chromatographed on 200 gm. of 5 per cent 
deactivated alumina. The column was developed with light 
petroleum ether and subsequently the polarity of the eluant was 
gradually increased by addition of known amounts of diethyl 
ether. Fractions approximately 25 ml. in volume were col- 
lected and examined on the spectrophotometer for their ultra- 
violet and, in some cases, the visible spectra. SbCl, color tests 
were also carried out in a few cases. 

The absorption characteristics and the weights of the dif- 
ferent fractions in the order obtained in the quantitative chro- 
matography of 1.4304 gm. of sterol-freed Wallago attu oil are 
shown in Table I. 

On chromatography of cold extracted Wallago attu liver oil 
as described above all the substances given in Table I were 
obtained. 

Naturally Occurring Anhydrovitamin A;—The anhydrovitamin 
Az fraction (corresponding to Fraction 7, Table 1), obtained 


ation 
800 
6668 
S18 
16, 
778 | 
were carried out to confirm that anhydrovitamin A; and rehy- 
yr2, drovitamin A;(N) found in the fish liver oil were not formed | 
as a result of heat treatment during extraction. ' 
Sci. Solvente—Cyclohexane for spectroscopic use was obtained | 
from The British Drug Houses, Ltd. Light petroleum ether 
(b.p. 40-60"), obtained from Burmah-Shell, was left over KMnO, ; 
sulla, and p-woluene-sullome acid were laboratory 
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Fig. 1. Structural formulae of the vitamins A, and A, series of 
compounds. 


from the chromatography of 6.2 gm. of sterol-freed Wallago 
attu oil, was reduced in volume and chromatographed twice on 
10 per cent deactivated alumina. The purified material thus 
obtained was chromatographically homogeneous and its £}+,. 
at 370 my was 170 (in light petroleum ether). The SbCl, color 
test showed an absorption maximum at 693 my with E}%, value 
of 250. The E}%,. of the purified material could not be further 
enhanced by repeated chromatography. 

Fig. 2 gives the ultraviolet spectra of naturally occurring 
anhydrovitamin A; in different solvents. 

Partition Coefficients of Naturally Occurring Anhydrovitamin 
A:—The method used was essentially the same as described by 
Petracek and Zechmeister (12). Equal volumes of light petro- 
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leum ether and 95 per cent methanol were shaken in a separa- 
tory funnel for 15 minutes. Anhydrovitamin A, was dissolved 
in light petroleum ether which was saturated with 95 per cent 
methanol and its extinction (£,) at 370 mg was recorded. 5 mi. 
of light petroleum ether solution of anhydrovitamin A; followed 
by 5 ml. of 95 per cent methanol was then pipetted into a 10 
mil. stoppered measuring cylinder. The cylinder was slowly in- 
verted 20 times and the layers allowed to separate. The extine- 
tion of the light petroleum ether solution (£,) was again re- 
corded. The percentage of the amount distributed in the light 
petroleum ether phase was given by £;/E,; x 100. Thus it was 
noted that the distribution ratio between light petroleum ether 
and 95 per cent methanol was 28:72 for naturally occurring 
anhydrovitamin A>. 
Naturally Occurring Rehydrovitamin A(N)—The fraction (cor- 
responding to Fraction 9, Table 1) obtained from the chroma- 
tography of 6.2 gm. of Wallago attu oil was reduced in volume 
and chromatographed over 10 per cent deactivated alumina. 
A main fraction with absorption maxima at 335, 351, and 370 
my and with SbCl, color test absorption maximum at 650 mg 
was obtained with a 25 per cent ether-light petroleum ether 
mixture. This fraction was chromatographed twice over 10 
per cent deactivated alumina. The Ej%,. at 351 my of the 
purified product was 235 (light petroleum ether); SbCl, color 
test at 650 my gave an E}%,,. of 401. The E}%... of the material 
could not be increased by further chromatography. The ultra- 
violet spectra of this material in different solvents are shown 
in Fig. 3. 

The partition coefficient experiment on naturally occurring 
rehydrovitamin A,(N) showed that the distribution ratio be- 


I 


Spectroscopic data on fractions obtained after chromatography of Wallago attu oil (1.4304 gm.) 
on & per cent deactivated alumina column 


Solvent Fraction Maxima SbCls color | Weight Component 
Light petroleum ether (b.p., 40-60°) 1 350, 370, 390 620 0.0004 0.053 | Anhydrovitamin A, 
2 420, 450, 478 590 0.1114 0.098 | 8-Carotene 
3 | 330, with inflex- | 625, 690 | 0.0844 2.174 | Mixture of vitamin A; 
ion at 287-290 esters and vitamin A; 
esters 
4 | 287, 350 693 0.2974 107.500 | Vitamin A, esters 
Ether-light petroleum ether (volume for 
volume) 
2:98 5 425, 448, 475 0.0402 8.837 | Lutein esters 
5:95 6 | 330 675 0.0968 16.92 
10:90 7 350, 370, 390 693 0.0328 5.23 Anhydrovitamin A; 
20:80 8 | 287, 350 693 0.0582 7.565 | Vitamin A; alcohol 
9 | 335, 351, 370 650 0.0550 2.839 | Rehydrovitamin A;(N) 
30:70 and 40:60 10 «| 330, 350, 370; 0.0590 7.076 
main peak at 
330 
50:50 11 425, 448, 475 0.0134 1.588 | Lutein alcohol 
Ether 12 | 330 0.0368 3.313 | Oxidation products 
Total weight of the fractions................. 0.8948 
Gross E}%.. at 350 mp of the whole oil. ....... 173.4 
Gross E}%,,. at 350 my of the fractions........ 163. 193 


* Expressed in terms of weight of original oil (sterol-freed). 
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described above, showed that the distribution ratio between 
light petroleum ether and 95 per cent methanol was 88:12. 

Mized A; Prepared in 
Vitro and Naturally Occurring Anhydrovitamin A;—A small 
quantity of anhydrovitamin A; prepared in vitro from natural 
vitamin A, alcohol was mixed with anhydrovitamin A, occurring 
, naturally in Wallago attu fish liver oil and chromatographed 
over 5 per cent deactivated alumina. Two components were 
eluted, one with light petroleum ether and the other with a 
mixture of 10 per cent ether in light petroleum ether. Both 
fractions exhibited the characteristic anhydrovitamin A; peaks 
at 350, 370, and 390 my in the ultraviolet and had an absorp- 
tion maximum at 693 my in the SbCl, color test. 

Reaction of Vilamins A, and A; with p-Toluene-Sulfonic 
Acid—Approximately 30 yg. of p-toluene-sulfonic acid was re- 
fluxed with 20 ml. of benzene until most of the material dis- 
solved. To this solution, 15 mg. of highly purified vitamin A; 
alcohol (E}%,.. at 350 my = 1100, light petroleum ether’) in ben- 
, zene were added, and the solution was refluxed for 30 minutes, 
O2r 1 cooled in ice, and poured into a cold saturated aqueous solution 
of sodium carbonate in a separatory funnel. The benzene 
: layer was washed thoroughly with sodium carbonate solution 

and then 3 times with cold water and dried over anhydrous 
‘ sodium sulfate. Benzene was removed in a vacuum, and the 
‘ product was dissolved in light petroleum ether and examined in 


Fic. 2. Absorption spectrum of anhydrovitamin A; from Wal- 
lago attu fish liver oil in light petroleum ether, @——@; ethanol, 
O-——O; and cyclohexane, 
tween light petroleum ether and 95 per cent methanol was 
62:38. 


Preparation of Anhydrovitlamin A; from Natural Vitamin A; 
Alcohol—To 730 mg. of very pure vitamin A; alcohol (E/% at 

drous ethanolic hydrogen chloride were added. The mixture 
was left to stand at room temperature in the dark for 40 min- 
utes. The resulting greenish solution was neutralized with ¢£ 
dilute alkali, extracted with light petroleum ether, washed free 

of alkali, passed through anhydrous sodium sulfate, reduced in 93F be 
volume under vacuum, and chromatographed over 10 per cent 
deactivated alumina. Two fractions having the same ultra- 
violet absorption maxima at 350, 370, and 390 my were eluted 
with light petroleum ether. The fast moving small fraction 
(23 mg.) had an absorption maximum at 620 my in the SbCl, 
color test, whereas the slow moving main fraction had an ab- O-2' 
sorption maximum at 693 my in this test. Anhydrovitamin 
A; thus obtained had an E}%,.. of 2248 (light petroleum ether) 
at 370 my* and the SbCI, color test product had an Ei%,. of 
3840 at 693 mu.* The yield of the purified product was 418 mg. 
The partition coefficient on anhydrovitamin A;, obtained as 


' Ei. of pure vitamin A; alcohol (noncrystalline) at 348 310 330 350 370 
t petroleum ether) = 1390 (7). Wave length (mp) 
* Exum. of crystalline anhydrovitamin A: at 370 my (ethanol) = 
2980 (6). Fig. 3. Absorption spectrum of rehydrovitamin A,(N) from 


* Ei%. of crystalline anhydrovitamin A; at 693 my in SbCl, Wallago attu fish liver oil in light petroleum ether, @—®@; 
color test = 4400 (6). ethanol, O——O;; and cyclohexane, A——A. 
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the spectrophotometer. Anhydrovitamin A; formation was not 
detectable. 

Under similar experimental conditions, pure vitamin A, alco- 
hol readily reacted with p-toluene-sulfonic acid to form anhy- 
drovitamin A,, with characteristic peaks at 350, 370, and 390 
my. 

Rehydrovitamin A; Obtained from Rats Fed Pure Anhydro- 
vilamin A:—A group of 27 young rats, both male and female, 
weighing between 25 and 40 gm., was fed a vitamin A-free diet 
for a period of about 5 weeks. At this time they showed signs 
of xerophthalmia and loss of weight. They were then given 
daily doses of 0.1 ml. of an arachis oil solution containing 1 mg. 
of anhydrovitamin A; (£j%,. at 370 mp = 2248, light petroleum 
ether) and 0.5 mg. of a-tocopherol for a period of 18 days. 
rithin a few days xerophthalmia was completely cured and the 
males gained an average of 40 gm. and the females 26 gm. in 
weight after 18 days. The rats were killed and dissected on the 
19th day. The livers and kidneys were removed, ground sep- 
arately with fine sand and anhydrous sodium sulfate and ex- 
tracted with light petroleum ether. The successive light 
petroleum ether extracts from each tissue were pooled, and 
examined for their ultraviolet absorption spectra. The liver 
extract had absorption maxima at 330 and 348 my, and an 
inflexion at 365 my, whereas the kidney extract did not show 
any specific absorption. There was, however, considerable ir- 


Wave length(my) 

Fic. 4. Absorption spectrum of rehydrovitamin A; from rat 
livers. Rehydrovitamin A; ester in light petroleum ether, 
O-——O. Rehydrovitamin A; alcohol in light petroleum ether, 
@——@, and cyclohexane, A——A. 
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relevant absorption below 300 my in the liver extract. The 
liver extract was then chromatographed over 10 per cent deac- 
tivated alumina and the column was developed with light 
petroleum ether. An ester fraction was eluted with light petro- 
leum ether. The column was extruded and the free form (re- 
hydrovitamin A, alcohol) was eluted from the middle of the 
column with diethyl ether. Both fractions had absorption 
maxima at 334, 348, and 365 my in the ultraviolet, as seen 
from Fig. 4. 

The E{%,.. at 348 my was only 6.15 (light petroleum ether) 
for rehydrovitamin A, ester and 0.97 (light petroleum ether) 
for rehydrovitamin A; alcohol. SbCl, color tests showed ab- 
sorption maxima at 645 to 650 my with Ej%,. of 9.25 for the 
ester, and 1.47 for the alcohol. The distribution ratios between 
light petroleum ether and 95 per cent methanol were 92:8 for 
rehydrovitamin A, ester and 32:68 for rehydrovitamin A, 
alcohol. 

Preliminary experiments showed that although the vitamin 
A-depleted rats were cured of xerophthalmia and gained in 
weight at a dosage of 0.5 mg. of anhydrovitamin A, per day, 
no material with specific absorption at 330, 350, and 370 mg 
could be detected in the livers. 

Reaction of Rehydrovitamin A, Alcohol from Rat Livers with 
Anhydrous Ethanolic Hydrogen Chloride—22 mg. of rehydro- 
vitamin A; alcohol were dissolved in 5 mi. of absolute ethanol, 
treated with 10 ml. of 0.03 ~ anhydrous ethanolic hydrogen 
chloride and left in the dark for | hour. The solution was then 
poured into water, neutralized, and extracted with light petro- 
leum ether. The light petroleum ether solution was washed 
free of alkali, passed through anhydrous sodium sulfate, and 
concentrated in a vacuum. No change was noted in the ultra- 
violet absorption . The distribution ratio between 
light petroleum ether and 95 per cent methanol for rehydrovita- 
min A; alcohol after the reaction was the same as before the reac- 
tion. 


It is interesting to record the occurrence of a variety of sub- 
stances such as anhydrovitamin A,, 8-carotene, vitamin A, 
esters, vitamin A, esters, lutein esters, anhydrovitamin Az, 
vitamin A, alcohol, rehydrovitamin A, (N), lutein alcohol, and 
oxidation products in liver oil from a single species of fresh- 
water fish (Table I). Little is known, however, of the mechanism 
whereby such substances related to vitamins A, and A; are 
formed, or of their biological role. 

This is the first report in which anhydrovitamin A; and a 
compound analogous to rehydrovitamin A», namely rehydro- 
vitamin A.(N), have been found to occur naturally in the liver 
oil of a fresh-water fish. That these substances are initially 
present in the liver oil and are not formed as a result of heat 
treatment during extraction is shown by chromatography of 
cold extracted oil. In addition, anhydrovitamin A, is not de- 
tected in the quantitative chromatography of Ophiocephalus 
straitus oil (11) which is also very rich in vitamin A, This 
rules out the possibility of anhydrovitamin A; formation on 
the column during the chromatography of Wallago attu oil. 
Moreover, the naturally occurring anhydrovitamin A, fraction 
was invariably detected in chromatography of Wallago attu liver 
oil for the separation of vitamin A, esters. It is therefore evi- 
dent that anhydrovitamin A, is always found in the liver oil of 
this fish. 
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It can be seen from Table | that although the recovery from 
the chromatographic procedures is 94 per cent on the basis of 
the extinction coefficients of the fractions at 350 my (Column 
6), the recovered weight amounts to only 62.6 per cent of the 
initial weight of oil (Column 5). Thus on a weight basis, ap- 
proximately 37 per cent of the oil is adsorbed very firmly on 
the column. This material was light brown in color, and could 
not be eluted even with a polar solvent like ethanol. 

The identification of naturally occurring anhydrovitamin A; 
is based on the identity of its ultraviolet absorption spectrum 
and SbCl, color test with those of the products obtained by 
Shantz (6), Cama et al. (7), and Farrar et al. (8, 9) by dehydra- 
tion of vitamin A; alcohol with anhydrous cthanolic hydrogen 
chloride. However, the chromatographic behavior of this com- 
pound is different from that of anhydrovitamin A, obtained 
chemically from natural vitamin A; alcohol. Naturally oceur- 
ring anhydrovitamin A, is eluted from a 5 per cent deactivated 
alumina column only with a mixture of 10 per cent ether-light 
petroleum ether volume for volume (Table I), whereas anhydro- 
vitamin A; prepared chemically can be easily eluted with petro- 
leum ether. This difference in the chromatographic behavior 
is confirmed by mixed chromatography of the anhydrovitamin 
A; from the two sources which were eluted in separate fractions 
from the 5 per cent deactivated alumina column. The distri- 
bution ratios between petroleum ether and 95 per cent methanol 
of naturally occurring anhydrovitamin A; and chemically pre- 
pared anhydrovitamin A, are also different. It is possible that 
“natural” anhydrovitamin A, differs from anhydrovitamin A, 
prepared chemically by having not an ethoxy group but a dif- 
ferent substituent group in the 8-ionone ring, or possibly clse- 
where. In order to determine the structure of “natural” anhy- 
drovitamin Az, as well as its nutritional effect on vitamin A-~le- 
pleted rats, larger amounts of the material from fish livers will 
be required than are presently available. 

Further support for the 4’-ethoxy-anhydrovitamin A, 
structure proposed by Henbest ¢f al. (10) for anhydrovitamin 
A; is given by the fact that whereas anhydrovitamin A, can be 
formed by treatment of vitamin A; alcohol with ethanolic hy- 
drogen chloride, p-toluene-sulfonie acid does not react with 
vitamin A, alcohol to form the anhydro compound. 

In addition to the naturally occurring anhydrovitamin A;,, a 
compound which has ultraviolet absorption maxima at 335, 
351, and 370 my i« also detected in Wallago attu fish liver oil. 
This compound has been designated rehydrovitamin A,(N) 
because of its partial resemblance to rehydrovitamin A, obtained 
from rat livers. The now compound has E{%,. of 235 at 351 
my (light petroleum ether). The absorption maximum for 
the SbCl, color test is at 650 my with an Ej%,.. of 401. 

The extinction values of naturally occurring anhydrovitamin 
A; and rehydrovitamin A,(N) could not be raised further by 
chromatography because of the initial low potency of the com- 


pounds, 

When anhydrovitamin A, (prepared by reacting natural 
vitamin A, alcohol with ethanolic hydrogen chloride) is fed to 
vitamin A-depleted rats, a compound showing maxima at 330 
and 348 my and an inflexion at 365 my is obtained from the 
livers. This has been designated rehydrovitamin A, by 
analogy with rehydrovitamin A, obtained from rats fed anhy- 
drovitamin A, (5). Chromatography of the liver extract re- 
vealed the presence of an ester and an alcohol both exhibiting 
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also have identical absorption maxima at 645 to 650 my in the 
SbCl, color test. 

It is of interest to note that anhydrovitamin A:, which has a 
substituent group in the 8-ionone ring, cured xerophthalmia 
and promoted growth in rats when fed at levels of 1 mg. and 0.5 
mg. per day. Although the anhydrovitamin A; preparation 
was relatively pure and there was appreciable growth in both 
male and female rats in 18 days, the possibility of contamination 
with either anhydrovitamin A,, vitamin A;, or vitamin A; is 
not eliminated. Experiments now in progress to ascertain 
the biological potency of crystalline anhydrovitamin A2, should 
reveal whether a compound with substitution in the 8-ionone ring 

It should be noted that although rehydrovitamin A,(N) from 
Wallago attu fish liver oil has absorption maxima in the same 
region as rehydrovitamin A; from rat livers, both in the ul- 
traviolet spectrum as well as in the SbC1, color test, the shapes 
of the two curves in the ultraviolet spectrum are not identical 
(Figs. 3 and 4). The solvent partition data on the two types 
of rehydrovitamin A, are also different, again indicating that 
the two products are not similar. It seems probable that re- 
from Ssh liver oll is dutvative 
the same chromophoric structure as “rehydrovitamin A,” 
from rat livers. 

Rehydrovitamin A, has an absorption maximum at 612 my 
in the SbCl, color test, similar to those of anhydrovitamin A; 
and vitamin A, (5). But the absorption maximum for the SbC1, 
color test of rehydrovitamin A,(N) from fish liver oil or rehy- 
drovitamin A; from rat livers (645 to 650 my) differs from those 
of anhydrovitamin A; and vitamin A; which have absorption 
maxima at 603 my. In analogy to rehydrovitamin A, (5), 
rehydrovitamin A; on treatment with ethanolic hydrogen chlo- 
ride did not show any change either in the ultraviolet spectrum 
or in the partition properties. 

That the new compound, rehydrovitamin A;, may contain a 
hydroxy group like rehydrovitamin A, (5) is indicated by its 
chromatographic behavior, it being strongly adsorbed on the 
alumina column. Partition coefficient experiments on rehy- 
drovitamin A, ester and alcohol from rat livers also support 
the presence of a hydroxy group in rehydrovitamin A; On 
the basis of the structural formula (V, Fig. 1) proposed for 
anhydrovitamin A, by Henbest ef al. (10), the structure for 
rehydrovitamin A; may well be that shown in Fig. 1 (VJ), 
with a hydroxy group in the side chain. The shift in the ul- 
traviolet absorption towards lower wave lengths for rehydro- 
vitamin A, shows that it contains one less double bond than 
anhydrovitamin A>. 

There is, therefore, strong evidence that, like anhydrovitamin 
A;, anhydrovitamin A, is converted into a hydroxy compound 
rehydrovitamin A; and stored in the liver mainly as an ester, 
along with a small quantity of the free alcohol. It is significant 
that anhydrovitamin A; is not detectable in rat livers which 
indicates a complete conversion to the rehydro form. How- 
ever, the Eft. values of rehydrovitamin A; ester and alcohol 
from rat livers are both quite low. This is in line with the ob- 
servations of Shantz (5) on the rehydrovitamin A, obtained by 
feeding crystalline anhydrovitamin A, to vitamin A-deficient 


absorption maxima at 334, 348, and 365 mp. The compounds rats. 


nm 


1. Naturally occurring anhydrovitamin A; from the liver oil 
of a fresh-water fish (Wallago attu) has been isolated and charac- 
terized. 

2. Rehydrovitamin A,(N) occurring in a natural form has 
also been obtained from the same fish liver oil and its ultraviolet 
spectrum, and SbCI, color test absorption maximum have been 
determined 


3. Chromatography of Wallago attu oil extracted in the cold 
showed that anhydrovitamin A; and rehydrovitamin A,(N) 
are not formed as a result of heat treatment during extraction. 

4. Anhydrovitamin A; could be formed by treatment of 
vitamin A; alcohol with anhydrous ethanolic hydrogen chloride, 
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but not with p-toluene-sulfonic acid, thus confirming the pres- 
ence of an ethoxy group in anhydrovitamin Ay». 

5. Anhydrovitamin A;, when fed to rats, is transformed into a 
new compound named rehydrovitamin A; in the livers. It is 
stored as an ester and alcohol in the liver. 

6. The partition data on naturally occurring anhydrovitamin 
A; and anhydrovitamin A; prepared chemically, and on naturally 
occurring rehydrovitamin A,(N) and rehydrovitamin A; ob- 
tained from rat livers have been compared. 
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It was shown previously (2) that when diethanolamine is fed 
to rats on low protein diets, the incorporation of P® into the 
liver lipides is depressed and marked changes in the phospho- 
lipide composition of the liver become apparent. It was postu- 
lated that these changes are due, in part at least, to the formation 
of unnatural phospholipides in which diethanolamine had _re- 
placed its natural analogue, ethanolamine. In an attempt to 
obtain some evidence for this hypothesis, the liver phospholipides 
were hydrolyzed and the products were oxidized with alkaline 
periodate. In the livers of the rats fed DEA,' the ratios of the 
lower than the corresponding ratios in the livers of the controls 
on the experimental diets, unsupplemented, or supplemented 
with EA. Since the values of these ratios are 1:2:4 for the 
oxidation of pure DEA, and 1:1:2 for the oxidation of pure EA, 
the results seemed to be in line with the assumption that rela- 
tively large amounts of DEA were present in the liver lipides 
from the rats fed this compound. 

It was also noted that there was little or no fatty infiltration 
in the livers of rats on low protein diets supplemented with 
DEA. In these livers fatty acids added in vitro are oxidized at 
at rates higher than in the livers of control rats on the nonsupple- 
mented diets (3). Recently, it was reported that in birds the 
addition of DEA or DEA derivatives to a cholesterol-rich diet 
lowers both the level of serum cholesterol and the incidence of 
atherosclerotic lesions (4, 5). 

In view of the above findings and the obvious possibility that 
DEA acts as an antimetabolite of EA and might, therefore, be 
a useful tool in the study of certain aspects of lipide metabolism, 
it became of interest to reinvestigate and extend the results ob- 
tained earlier in this laboratory. DEA has been identified in 
lipide hydrolysates by direct and specific procedures. It has 
been further demonstrated that DEA is actually present as a 
component of a phospholipide, structurally analogous to phos- 
phatidy! EA. Such evidence seemed desirable, in view of the 
recent report chat liver mitochondria incorporate free choline 
into a nonphospholipide compound difficult to separate from 
phosphatidyl choline (6). For comparison, the incorporation 
in vivo of EA into liver lipides has also been studied, and the 
results are reported in this paper. 


* This work was done under Contract No. AT-40-1-1638 with 
the United States Atomic Energy Commission. Preliminary 
reports have appeared (1). 

'The abbreviations used are: DEA, diethanolamine; EA, 
ethanolamine; P-choline, phosphorylicholine; GPE, glyceryl- 
phosphorylethanolamine; DNFB, dinitrofluorobenzene. 


EXPERIMENTAL 


Animals and Diete—In the experiments of longer duration, 
young male rats (average initial weight, 40 gm.) were placed on 
a low casein diet* for 7 to 10 days. DEA, 0.5 per cent, was 
added to the diet, and after an additional period of 5, 7, or 9 
days on the supplemented diet the rats were killed by decapita- 
tion. Control groups were maintained for similar periods on the 
experimental diet, unsupplemented, or supplemented with EA, 
0.5 per cent, or choline chloride, 0.5 per cent. DEA and EA 
were added in solutions neutralized with HC1. 

In the short term experiments male rats, raised on a stock 
diet to a weight between 100 and 150 gm., were injected intra- 
muscularly with a solution of DEA, or EA,’ uniformly labeled 
45 minutes and 16 hours. In only a few of these experiments 
younger rats, maintained on Diet 57 for 10 to 15 days, were 
employed. 

Extraction, Fractionation, and Hydrolysis of Liver Lipides—In 
the long term experiments the lipides were extracted from the 
liver with alcohol and alcohol-ether and were subsequently 
purified with chloroform (10). On aliquots of the chloroform 
solution the weight of the lipides and their phosphorus (11) and 
choline (12) contents were determined. In most cases the re- 
maining portions of the chloroform extracts of the livers from 
rats of the same groups were pooled, and the phospholipides 
were separated by repeated precipitations with acetone and 
MgCl, or by adsorption on a silicie acid-celite column and elu- 
tion with methanol (13). Further fractionation of the phos- 
pholipide mixture was carried out by chromatography on, and 
gradient elution from, the same type of column, essentially as 
described by Hanahan ef al. (14). 

In the experiments in which isotopes were used, the tissues 
were ground or homogenized in water, after which the lipides 
and proteins were precipitated with colloidal FeO; and MgSO, 
(15) and washed repeatedly by centrifugation with a solution 


* Diet 57 was used in most of the present experiments. It 
contained casein, 8 gm.; Crisco (Proctor and Gamble), 28 gm.; cod 
liver oil, 2 gm.; dextrin, 28 gm.; sucrose, 28 gm.; salt mixture 
(U.S.P. X11), 4 gm.; Alphacel (Nutritional Biochemicals Corp.), 
2 L-cystine, 0.3 gm.; pt-threonine, 0.4 gm. ; and Sulfasuxidine 
(Merck Sharp and Dohme), 1 gm. 1 ml. of a solution of B vita- 
mins (7), with Folacin omitted, was incorporated in 100 gm. 
of diet. In the remaining experiments other diets, previously de- 
scribed, were used; these were Diets 26 (8), 28, 46, and 47 (9). 

* These materials were obtained from commercial sources on 
allocation from the United States Atomic Energy Commission. 
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Diethanolamine in Liver Lipides 


Taste | 
Paper chromatography of water-soluble products of the 
hydrolysis of phospholipides 
Re Values Detection reagents 
Substance 
0.69 0.86 + = on 
Phosphorylethanolamine. | 0 0.2 + 
Glycerolphosphate....... 0 0.21 - 
* 5 ml. of concentrated NH,OH + 95 ml. of ethanol 95 per cent. 
Ascending chromatograms. 
t Phenol saturated with NH;. Descending chromatograms. 
t Reacts slowly with ninhydrin. 


containing nonisotopic DEA or EA, and finally with water. 
The precipitates were extracted in the cold with ethanol and 
ether, and radioactivity determinations were carried out on 
aliquots of the lipide extracts, with or without further fractiona- 
tion. Control experiments showed that this method effectively 
eliminates free isotopic DEA and EA, whereas a non-negligible 
contamination by these compounds (especially isotopic DEA) 
does occur when the lipides are obtained by direct extraction of 
the tissues with alcohol and ether (16). 

Total hydrolysis of the lipides or phospholipides was carried 
out by refluxing for 3 hours with 6 ~ HCl in methanol. After 
evaporation at reduced pressure the residue was taken up in 
water and the water-insoluble products were removed, either 
by filtration through asbestos or by extraction with petroleum 
ether. A partial hydrolysate of the lipides was obtained by 
treatment with aqueous N NaOH at 38°, according to Schmidt 
et al. (17). In this procedure choline is quantitatively liberated 
from lecithins (18), but EA is still largely present in the form of 
water-soluble combinations, probably GPE (16). The partial 
hydrolysate was treated with Amberlite IRC-5O (H* form) 
which removes effectively inorganic cations, EA, DEA, choline, 
and P-choline (but not GPE, phosphorylethanolamine, or serine). 
The solution was filtered, extracted with petroleum ether, and 
chromatographed on paper. 

Paper Chromatography—Whereas with several solvents DEA 
could not be separated clearly from EA, a mixture of NH, and 
ethanol allowed a satisfactory resolution on unidimensional 
chromatograms. For the detection of the spots, either ninhy- 
drin or DNFB was used.‘ Choline and P-choline were detected 
with KBil, reagent (a modified Dragendorff solution, prepared 
according to Bregoff et al. (19) and Guggenheim (20)). Organic 
P was detected with the Hanes-Isherwood reagent (21). In 
Table I the results obtained with the NH,ethanol mixture are 
compared with those obtained with the NH,;phenol solvent 
used extensively by Dawson (22). 

Colorimetric and Isotopic Determination of DEA, EA, and 
Choline—Some attempts were made to estimate DEA and EA 
after separation by paper chromatography. The areas of the 


*‘ Ninhydrin, 0.4 per cent in n-butanol saturated with water. 
DNFB, 1 per cent in absolute ethanol. 
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paper corresponding to the positions of pure DEA and EA 
(sometimes also of choline) were eluted with methanol and water. 
On the cluates, colorimetric determinations of the DNFB de 
rivatives were carried out by a simplification of the technique 
described by Axelrod ef al. (23) for the determination of EA 
and serine in lipide hydrolysates. Under our conditions, the 
specific absorption coefficients of the DNF derivatives of DEA 
and EA at 420 my were 47.4 and 1064, respectively. In the 
isotopic experiments the cluates of the DEA and EA areas were 
mixed with known amounts of lipides and plated directly, or the 
materials were oxidized with alkaline periodate and the HCHO 
liberated was precipitated with dimedon (24). The precipitate 
was dissolved in a chloroform solution of egg lipides, plated, and 
counted (16). Control experiments in which the colorimetric 
and radioactive procedures were carried out on mixtures of pure 
DEA and EA indicated that, although no overlapping of the 
spots was apparent on the chromatograms, a strictly quantita- 
tive separation was seldom attained. Therefore the analytical 
and isotopic values given below for DEA and EA should be 
regarded as mere approximations, with limits of error as high as 
20 per cent. 

In several of the isotopic experiments the eluate from the 
choline area was mixed with the proper weight of egg lipides, 
plated, and counted. In other experiments, after total hydroly- 
sis of the lipides, choline was precipitated with Reinecke acid, 
the precipitate was washed with a nonisotopic solution of DEA 
or EA and, after addition of lipides, it was plated and counted 
(16). It has been claimed that EA coprecipitates with choline 
reineckate (25). Control experiments in which isotopic DEA, 
or EA, was added to a lipide hydrolysate indicated that, under 
our conditions, there was some midioactive contamination by 
DEA, but none by EA. 


RESULTS 


Long Term Experiments—In the livers of rats on Diet 57 
supplemented with DEA, there was a notable increase in the 
noncholine-containing phospholipides and a decrease in the 
choline-containing fraction, this decrease being expecially marked 
when the choline-containing phospholipides are expressed as 
per cent of the total. These changes, which are in complete 
agreement with those observed previously on the livers of rats 
on somewhat different diets (2, 3), were not observed when the 
diets were supplemented with EA. Choline supplementation 
of the diets caused changes in the liver phospholipides which 
were in the opposite directions. However, in the livers of rats 
receiving either DEA or choline the amounts of neutral fat 
were lower than in the livers of the rats fed the unsupplemented 
diet (Table I1).* 

After paper chromatography (NH,cthanol) of the products 
resulting from the complete hydrolysix of phospholipides, a spot 
located in the sume position as that of pure DEA was present 
in the materials obtained from the livers of rate which had re- 
ceived DEA, but not in those from the livers of rats fed the 
unsupplemented diet, or the diet supplemented with either 
choline or EA. On the other hand, the spots corresponding to 
the positions of EA, choline, and serine were clearly demonstrable 
in all hydrolysates of the unfractionated phospholipides (Fig. 1). 

When the phospholipides extracted from the livers of the rats 


* In Table II values are referred to the whole liver of a 100 gm. 
rat. The same conclusions, however, can be drawn if the values 


are expressed per | gm. of liver. 
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Taste Il 
Liver lipides of rats on Diet 57 without or with supplements (average 
values for the whole liver of a 100 gm. rat)* 


Phospholipades 
Dietary “Pet 
Neacholiae- Choline-containing 
contamina? 

me. we % af total =e. 
None (10) 67 + 3.4 ee be 852 + 128 
DEA (24)...... 124] + 3.1 466 + 2.9 +1234) 2 
73 5.5 62 47.4 464 2.2 655 + 116 
Choline (14). | 36% + 3.0 8.272 + 1.8 M624 + 79 


* Figures preceded by + are the standard errors of the means. 

¢ Figures in parentheses represent the number of determina- 
tions. 

t Noncholine-containing phospholipides = total phospho- 
lipides (lipide P X 25), lexs choline-containing phospholipides 
(choline X 6.7). 

§ “Fat” (including neutral fat, cholesterol, and other un- 
saponifiable matter) = total lipides (by weight), less total phos- 
pholipides. 

€ Significantly different from the corresponding value of the 
rats on the unsupplemented diet (p < 0.05). 


| Significantly different from the value of the 
rats on the unsupplemented diet (p < 0.01). 
18 1g 
20 | 82 26 
30 |} 0/0 


Frias. 1 ann 2 


Fie. 1 (left). Paper chromatogram of the total hydrolysates 
of liver phospholipides. Solvent, NH,-ethanol, ascending. 
Nonshaded spots, KBil,-positive; shaded spots, DN FB-positive. 
A, pure compounds: /, DEA; 2, EA; 3, choline; 4, serine. &, 
lipide hydrolysate is from the livers of rats receiving Diet 57 
without supplements for 14 days. C, lipide hydrolysate is from 
the livers of rate receiving Diet 57 for 7 days, then receiving the 
same diet with added DEA for 7 more days. 

Fia. 2 (right). Paper chromatogram of the partial hydrolysates 
of liver phospholipides. Solvent, NH,ethanol, ascending. 
Detection reagent, DNFB. Lipides were extracted from the 
livers of rate receiving Diet 57 for 9 days, then receiving the same 
diet with added DEA for 7 more days. A, pure compounds: 
1, DEA; 2, EA; 8, GPE (positive to both DNFB and the organic 
P reagent). 8, partial hydrolysate treated with Amberlite IRC- 
» (H* form). C, partial hydrolysate treated with Amberlite 
as in B, and then refluxed with 6 ~ methanolic HC! for 3 hours. 
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MICROMOLES PER 5 ML. FRACTION 


5 10 5 20 25 30 
FRACTION NUMBER 

Fic. 3. Elution of liver phospholipides from a silicic acid- 

celite column. Lipides were extracted from the livers of rats 

maintained on Diet 57 for 7 days, then on the same diet supple- 

mented with DEA for 7 more days. After adsorption on the 

column the phospholipides were eluted with chloroform-methanol 

(4:1), and 5 mil. fractions collected. P was determined on each 

fraction; DEA and EA were determined on pooled samples from 
three consecutive fractions. 


fed DEA were subjected to mild alkaline hydrolysis and the 
water-soluble products were treated with the ion exchanger and 
chromatographed on paper, only one spot was visible. It re- 
acted positively to DNFB and ninhydrin, as well as to the or- 
ganic P reagent, and its position corresponded closely to that of 
a pure sample of synthetic GPE,* when run in either the NH;- 
ethanol or the NHyphenol solvent. Moreover, when the spot 
obtained from this partial hydrolysate was eluted, and the eluate 
was further refluxed with methanolic HCI, paper chromatography 
of the resulting products showed almost complete disappearance 
of the original spot, whereas two definite spots with Ry», values 
corresponding to those of DEA and EA, respectively, became 
apparent (Fig. 2). 

The phospholipides were chromatographed on a silicic acid- 
celite column and eluted with chloroform-methanol (4:1); with 
this mixture, lecithins are not eluted (14). Determinations of 
P (after incineration), and of DEA and EA (after total hydroly- 
sis) indicated that the fractions with the highest DEA content 
also have the highest contents of P and EA (Fig. 3). Subject 
to the imperfections of the methods used, the molar ratio of DEA 
to EA in the combined Fractions 13 to 15 of this experiment was 
1.3. In other experiments, similar determinations on corre- 
sponding fractions gave values for such a ratio varying between 
0.6 and 1.4. 

Short Term Experiments—In the liver lipides of rats on a stock 
diet, killed at various intervals after one intramuscular injection 
of ixetopie DEA or isotopie EA, the peak of the radioactivity 
is reached between the 3rd and the 6th hour. However, at each 


* Kindly supplied by Dr. E. Baer of the University of Toronto. 
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Taste Ill 
Incorporation of labeled DEA or EA into liver lipides 

Rats (100 to 150 gm.) on a stock diet received by intramuscular 
injection 1 ml. of a solution of C**-labeled DEA or C“*-labeled EA 
(4 to 8 wc., 8 smoles). Values are counts per second in the lipide 
extract of the whole liver, expressed as per cent of the counts per 
second injected. Each value is the average of the results ob- 
tained, at the same time interval, on three to six rats. 


Hours after injection 
0.533 0.% 1.13 1.39 1.10 
6.72 18.96 | 19.18 22.65 10.99 
Taste IV 


Paper chromatography of the total hydrolysates of the 
liver lipides of rats fed labeled DEA or EA 
Rats A (120 gm.) and B (118 gm.) on a stock diet were treated 
by injection with 8 wc. (8 smoles) of either C-labeled DEA (Rat 
A), or C-labeled EA (Rat B), and killed after 3 hours. Appro- 
priate amounts of the total hydrolysates of liver lipides were 
chromatographed on paper (NH,-ethanol solvent). The areas 
corresponding to the positions of DEA, EA, and choline were 
eluted and counted. Values are expressed as counts per second 


per liver. 

Area eluted 

Rat 
DEA EA Choline 

pe. | pe. pe 
A DEA 45 12 8 
B EA | S387 209 

Taste V 


Recoveries of C'* in the total hydrolysates of liver lipides 
of rats fed labeled DEA or EA 
Rat A (153 gm.) and Rat B (147 gm.) on a stock diet were 
treated by injection with 8 gc. (8 smoles) of either C-labeled 
DEA (Rat A), or C-labeled EA (Rat B), and killed after 6 hours. 
Radioactivity was determined on the lipide extracts before hy- 
drolysis. After total hydrolysis with methanolic HCl, counts 
were made on the dimedon derivative of HCHO, liberated by 


10, from DEA and EA, and on the reineckate of choline. Values 
are expressed as counts per second for the whole liver. 
| After hydrolysn 
Labeled Before 
injected | hydrolysis HCHO. | Choline 
dimedon reinexkate 
| pe. ope. 
A DEA | 79 
B EA ; 2662 1957 775 


time interval a much lower percentage of isotopic DEA than of 
EA is incorporated into the lipides (Table I1[).?_ In rats receiv- 


7 In a few experiments in which younger rats on Diet 57 were 
used, the differences between the amounts of the two compounds 
recovered in the lipide extracts were somewhat smaller. For 
instance, in one of such experiments, the liver lipides of rats 
killed 6 hours after one dose of isotopic DEA or EA contained 1.0, 
or 7.2 per cent, respectively, of the counts injected. 
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ing labeled DEA or labeled EA determinations of the radioas. 
tivity on the fractions obtained by adsorption on a silicic acij 
column and subsequent elution with chloroform-methand 
(4:1), gave distribution curves which paralleled closely th 
curves of the contents of DEA and EA, and which therefon 
resembled the curves reproduced in Fig. 3. 

When the lipides obtained from rats that had been treated 
with injections of isotopic DEA or isotopic EA were hydrolyaed 
with methanolic HCl, and the products were chromatographed 
on paper, most of the radioactivity was present in the area cor. 
responding to DEA or to EA, respectively (Table IV). On the 
other hand, when the phospholipides were submitted to partial 
hydrolysis, treated with Amberlite IRC-3O (H* form), and 
chromatographed on paper, practically all of the radioactivity 
was found in the area corresponding to the position of pure GPE. 
This was observed consistently, whether or not the animal had 
received labeled DEA or labeled EA. After subsequent hy- 
drolysis with HC! in methanol, and paper chromatography of 
this total hydrolysate, the radioactivity was concentrated ip 
the upper region of the ascending chromatograms, corresponding 
to the positions of free DEA or free EA. 

In the experiment presented in Table IV the presence of 
relatively small amounts of radioactivity in the EA and choline 
areas after injection of DEA, or in the DEA area after injection 
of EA, is possibly due to “streaking,” ee ee 
of contiguous spots on the paper. However, in the rat whieh 
had received labeled EA, as much as one-third of the counts 
recovered was in the choline area. Similar findings were ob 
tained in other experiments in which choline was isolated from 
the lipide hydrolysate as the reineckate. The results of one 
such type of experiment are recorded in Table V. In the rat 
fed labeled EA, all of the radioactivity originally present in the 
lipide extract was recovered after total hydrolysis, cither in the 
HCHO liberated by periodate or in the Reinecke acid precipitate, 
the latter fraction containing almost one-third of the total radi 
activity. Our results therefore further support the concept 
of a rapid conversion of EA into choline (26, 27). On the other 
hand, because of the possibility of a radioactive contamination 
by DEA, the significance of the activity determined on the 
Reinecke acid precipitate of the rat fed labeled DEA remains 
doubtful. 


In the livers of rate fed DEA, this substance is present in » 
compound exhibiting solubility and chromatographic properties 
similar to those of natural phospholipides, expecially phosphatidyl 
EA. More definite evidence for the formation of a phospho- 
lipide structurally analogous to phosphatidy! EA is supplied 
by the finding that, after mild hydrolysis, a product ix obtained 
which behaves chroma ically as does GPE, and which, 
on further hydrolysis, yields free DEA. It seems, therefore, 
that DEA can be used for the synthesi« of unnatural “cephalins,” 
just as several analogues of choline (arsenocholine (28), triethyl 
choline (29), thiocholine (30), or diethylmethylcholine (31)) 
have been shown to be incorporated into lecithin-like compounds. 

When a single dose of DEA is administered, the incorporation 
of the compound into the liver phospholipides is less extensive 
than that of the natural analogue. However, after several days 
of feeding DEA, the DEA-containing phospholipides represent 
a considerable portion of the liver lipides. It seems possible 
that such atypical phospholipides are metabolised at a rate 
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dower than that of phosphatidyv! EA and therefore accumulate 
in the liver. 


Evidence for the incorporation in rire of an analogue of etha- 
nolamine, diethanolamine (DEA) into liver phospholipides has 
been obtained by paper chromatography and by isotopic tech- 
niques applied to the total and partial hydrolysates of the lipides. 
The DEA-containing compound i« precipitated by acetone + 


C. Artom, H. B. Lofland, and J. A. Oates, Jr. 


MgCl, and accompanies phosphatidyl ethanolamine in the 
processes of adsorption on, and gradient elution from, a silicic 
acid column. By mild hydrolysis a product is obtained which, 
on paper chromatography, behaves as glycerylphosphoryletha- 
nolamine, and which, on further hydrolysis, yields free DEA. 
After feeding of DEA for several days, DEA-containing phos- 
pholipides accumulate in the liver. 


Acknowledgmenta—The authors are indebted to N. Williams 
and K. King for valuable technical assistance. 
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Composition and Concentration of Lymph and Serum 
Lipoproteins during Fat and Cholesterol 


Absorption in the Dog’ 


L. A. Huttyarp, I. L. Cuatxorr, C. Extrenman, W. O. Retnarpr 
From the Department of Physiology, University of California School of Medicine, Berkeley, California 
(Received for publication, May 6, 1957) 


The term chylomicron was introduced by Gage in 1920 (1) 
to refer to particles, mostly 0.5 to 1 y in diameter and visible 
with the high power, dark-field microscope, found in the intestinal 
lacteals and plasma during the absorption of fats. A detailed 
report on the nature of these particles was published by Gage 
and Fish in 1924 (2). Chylomicrons, as defined above, have 
not as yet been isolated in pure form. It is now clear, from the 
work of a number of investigators, that absorbed long chain 
fatty acids and cholesterol are transported in lymph primarily 
in a very low density lipoprotein fraction which includes these 
chylomicrons (3, 4). Several reports dealing with the chemical 
composition of this fraction have appeared (5-10). 

The present report provides information on the composition 
of the chylomicron-containing, very low density fraction, as 
well as of the other lipide-carrying fractions of lymph of the dog. 


by Lindgren and reported by Pierce (11), permitted separation 
of lipoproteins of extremely low density (less than 1.006); 
the other, described elsewhere, separation of four lipoprotein 
fractions from serum (12). Since the lipides contained in these 
five lipoprotein fractions accounted for the total lipide carried 
in lymph, we were able to obtain a relatively complete picture 
of the changes induced in the concentration and composition 
of all lipide-bearing fractions of lymph during fat and cholesterol 
absorption in the dog. The changes in serum lipoproteins during 


EXPERIMENTAL 


Treatment of Dogs 


For at least 1 month before they were used, female dogs were 
fed daily a mixture containing 25 gm. of lean horse meat per kg. 
of body weight, 10 gm. of sucrose, 1 vitamin tablet (13), 1 salt 
tablet (13), and a few grams of bone ash. 

Serum Studies—On the day of the experiment blood was 
removed at 9:00 a.m., when the dog was in the postabsorptive 
state. The animal was then fed either (a) the meat-sucrose diet 
described above, or (6) a fat-containing meal consisting of 100 
gm. of lean horse meat, 100 ml. of corn oil, and the vitamins, 
salts, and bone ash, or (c) a fat-cholesterol meal consisting of 
100 gm. of lean horse meat, 100 ml. of corn oil, 3 gm. of choles- 
terol, and the vitamins, salts, and bone ash. 


* Aided by grants from the United States Public Health 


Lymph Studies—Cannulation of the thoracic duct was carried 


into the thoracic duct where it joins the left jugulo-subclavian 

(The cannula was No. 22 Transflex tubing coated 
silicone.) The lymph was collected in glass vials and ab 
lowed to clot at room temperature. An applicator stick was 
then inserted into the center of the clot and rotated while pressed 
i In this manner all fibrin 


When lymph contains large concentrations of Fraction Al-1 
(see below), this fraction tends to pack into semisolid masses 


ml. of cream (20 per cent fat), and the fat-cholesterol meal con- 

sisted of 30 ml. of corn oil, 0.5 gm. of cholesterol, 4 gm. of casein, 

and a few grams of bone ash. 
Preparation of Lipoprotein Fractions 

Blood serum was separated into four lipoprotein fractions 
(A, B, C, and D) by the density-flotation procedure described 
previously (12). The densities of the media used in the separa- 
tion of serum and lymph lipoproteins are given in Table 1. Only 
Fraction A of lymph responded to lipide feeding. Since this 
fraction is heterogeneous, it was further separated, as described 
below, into 3 subfractions (A1l-1, Al-2, and A2). 

A sample (1 to 2 ml.) of defibrinated lymph was transferred 
to a rotor tube and diluted to 9 ml. with 1.1 per cent NaCl. 
The mixture was then centrifuged for 24 hours at 30,000 r.p.m. 
The top turbid laver in the tube was Fraction Al (8,20 and 
higher). 

Approximately 1 ml. of the top layer containing Fraction Al 
was transferred to another rotor tube, overlayed with 1.1 per 
cent NaCl to the 9 ml. level, and separated into two subfractions 
by Lindgren’s method as reported by Pierce (11). The tube 
was centrifuged for 30 minutes at 15,000 rpm. The top milky 
layer, Fraction Al-1, containing molecules of 8,10-10* (Table 
I) was removed. The lower layer in the rotor tube (approxi- 
mately 7.5 ml.) was made up to 9 mi. with 1.1 per cent NaC, 
and the mixture was centrifuged for | hour at 30,000 r.p.m. 
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Taste I 
Nomenclature of lipoprotein fractions of serum and lymph 


Density renee | Designation | Gotmen’s (16) 
pe At 8,0 and higher 
bw Alt 8,2) and higher 
be 8,10" 10*§ 
pe Al-2t 8,2) 10004 
Di A2t 80-20 
Die Bt 1.075 
Die Ct 1.145 
Dy om D 


* The superscript figure represents the highest density medium 
wed for separation of the fraction, and all lipoproteins in this 
fraction have densities lew than the value of the superseript. 
The subseript figure represents the lowest density medium used 
in preparing the fraction, and all lipoproteins in this fraction have 
densities greater than the value of the subseript. 

t These are the low density lipoproteins (14). Chylomicrons 
at defined by Gage and Fish are a part of Fraction Al-1. 

t These are the high density lipoproteins (15). The figures in 
the next column represent their approximate hydrated densities. 

§ These ranges were caleulated from migration rates in the 
preparative angle ultracentrifuge, ideal flotation being assumed. 
The ranges are approximations. The conversion of these rates 
at a density of 1.006 to S, rates at a density of 1.065 involves an 
estimation of the hydrated densities of these very large lipopro- 
teins in the lipomicron and chylomicron classes. We are indebted 
to F. T. Lindgren of the Donner Laboratory for these ealeula- 


The top turbid layer, removed after centrifugation, was Frac- 
tien Al-2, representing molecules of 5,20-1000. 

The bottom layer in the original rotor tube (after removal of 
Fraction Al) was then separated into Fractions A2, B, C, and D. 
The density of this bottom layer was first adjusted to 1.107 
bv adding 1.35 gm. of solid KBr and increasing the volume of 
the laver to @ ml. with 1.1 per cent NaCl. The tube was 
capped, and the contents were mixed by inversion until the solid 
KBr dissolved. The mixture was centrifuged for 20 hours at 
90,000 r.p.m. The top layer then contained Fractions A2 and B, 
whereas the bottom layer consisted of Fractions C and D. The 
top laver was transferred to another rotor tube and separated 
into Fractions A2 and B by the same method used for separating 
«rum Fractions A and B (12). Fraction A2 represented mole- 
cules of 80-20. The bottom layer was separated into Frac- 
tions C and D as deseribed previously (12). 


Protein and Lipide Analyses 


The methods for extraction and analysie of the lipoprotein 
fractions have been deseribed elewhere (16). 


RESULTS 


Serum Lipoproteins of Dogs Fed Various Meals 


Table II shows the concentration of protein and lipides found 
in four serum lipoprotein fractions before and after the ingestion 
of the various meals. Ingestion of each test meal increased 
the amounts of lipoprotein Fraction A and, to a leser extent, 
those of Fraction B. Essentially no changes were observed in 
the amounts of Fractions C and D. The increase in Fraction A 


Hillyard, Chaikoff, Entenman, and Reinhardt 


was accounted for by triglycerides, whereas that in Fraction B 
resulted from slight increases in other consitutuents as well as 
in triglycerides. The ratio of free cholesterol to cholesterol 


Lymph Lipoproteins of Dogs Fed Cream Alone 
or Corn Oil Plus Cholesterol 


Lymph was separated into five lipoprotein fractions and a 
sixth residual fraction that contained a small amount of lipide 
and all of the lipide-free proteins. No significant changes were 
observed in the concentrations of Fractions A2, B, and C (Table 
IIL) after the ingestion of either the fat or the fat-cholesterol 
meal. Significant changes did occur in Fractions Al-1 and Al-2; 
90 per cent of the increased amounts of lipides that appeared in 
lymph as a result of the fat meals was found in Fraction Al-1. 
Additional information on this point has been provided by Fein- 
berg (unpublished observations made in this laboratory) who 
observed that, in dogs fed palmitic acid-1-C™, 99 per cent of 
the absorbed C™ was in lymph Fraction Al (8,20 and higher; 
see Table 1). 

The composition of the five lymph fractions before and after 
the dogs had been fed cream or fat and cholesterol is shown 
in Table IV. 

The percentage composition of the two lipoprotein fractions 
(Al-t and Al-2) which carry most of the absorbed lipides in 
lymph is shown in Table V. Triglycerides constitute the 
largest component of these two lipoproteins, and the percentages 
of trighveerides increased during the absorption of cream and the 
corn oil-cholesterol meal. The percentages of constituents other 
than triglycerides decreased after both meals. This change 
in percentag ¢ composition is not, of course, the result of a 
decrease in the actual quantity of these other components (see 
Table [V) but is, rather, a result of the disproportionate increase 
in trighveeride content. 

In spite of the low percentage of cholesterol in Fraction Al-I 
at the Sth hour (last column of Table V), the concentration of 
this fraction (see Table IV) was so elewated that it carried 149 
mg. of cholesterol esters per 100 ml. of lymph. Thus, practically 
all of the absorbed cholesterol in the lymph was carried in Frac- 
tion Al-t. 


It is shown here that, in the dog, lymph Fraction Al-1 contains 
1 to 2 per cent of protein. Similar results have been obtained 
by other investigators. Thus, Laurell (8) found an average of 2 
per cent of protein in a fraction of rat lymph isolated by precipi- 
tation with toluidine blue. Bragdon ef al. (17) isolated from 
human serum a fraction comparable with our Al-1 and found 
that it contained from 2 to 3 per cent of protein. Havel and 
Frederickson (10) reported a protein content of 2.2 to 2.5 per 
cent for this same fraction in dog lymph. According to Weld 
(18), excessive washing may disrupt chylomicrons, but it was 
our experience that mild washing failed to change the composition 
of lymph Fraction Al-1. 

Lindgren ef al. (14, 19) have shown that the low density, 
lipide-rich fraction of serum and lymph is composed of lipo- 
proteins which vary greatly in size and that only the very largest 
of these (perhaps those in classes of S,1000 and 
above) correspond to the dark-field-visible chylomicrons de- 
scribed by Gage and Fish (2). The latter have shown that the 
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esters was unaffected in all fractions, even when large amounts 
of cholesterol were ingested. 
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Taste II 
Concentration of protein and lipides in serum lipoproteins of normal dogs in postabsorplive state and after lipide ingestion 
All values are expressed as milligrams of constituent found in lipoprotein fraction per 100 ml. of serum. The postabsorptive sam. 
ple of blood was taken at 9:00 a.m., exactly 24 hours after the dog received its previous meal. The postprandial blood sample wa 
taken exactly 4 hours after the ingestion of the meal specified in Column 3. 


Lipoprotein fraction 


Dog No. 


| 


c 


Sw 


w= 


Free cholesterol 


2 


Total lipoprotein frac- 
tiont 

Fat 

Fat -cholesterol 

Fat-cholesterol 


ws SEEN 


113 
115 
275 70 
131 
150 


se 


* Values for these components cannot be reported since Fraction D contains the serum albumin and globulins in addition to lipopro- 


teins. 


t The concentrations of these components were too low to measure. The values for free cholesterol in Fraction D are actually for 


total cholesterol. 
¢ Values represent the sum of the individual constituents. 


average size of lymph chylomicrons increases, during absorption, 
from between 0.5 and 1.0 » to approximately 1.5 yw at the peak 
of absorption (3 to 5 hours). In the light of modern work on 


lipoproteins, this increase in size of chylomicrons represents a 
shift from lipoprotein classes of lower 8S, rates in the early phase of 
absorption to those of higher S, rates at the peak of absorption. 
Since the percentage of protein in Fraction Al-1 decreased be- 
tween the 2nd and 5th hour after ingestion of the fat-cholesterol 
meal (Table V), it seems that any distribution shift toward larger 
lipoproteins involves an increase in the percentage of lipide per 


total mass. This relationship between size and lipide content 
is in accord with the structure of lipoprotein classes higher than 
8,20 proposed by Lindgren et al. (19). Even though the per- 
centage of protein in the 8,10-10* classes (Al-1) of lymph 
decreases during absorption, it should be noted that the actual 
concentration of protein (i.e. milligrams of protein in Fraction 
Al-1 per 100 ml. of lymph) is 3 to 6 times that observed in the 
postabsorptive state (Table IV). This increase in concentra- 
tion of protein indicates a protein involvement in lipide transport. 
Despite the fact that most of the absorbed fat is transported 
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Lipoprotein constituent Meal = 
| Poat 
absorptive 
| 
Protein | t-sucrose 415 
| -cholesterol | 
| -cholesterol 
Phospholipide | t-sucrose | | 8 
| 
| 18 
cholesterol 26 
-cholesterol 
t-sucrose 
2t 
| | 2t 
-cholesterol 
-cholesterol 
Cholesterol esters | t sucrose Int 
cholesterol | 
Triglycerides | t-sucrose | 55 
| 
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Taste Ill Taste V 

Concentration of five lipoproteins isolated from lymph of dogs before Per cent composition of two lymph lipoprotein fractions, Al-1 and 

and after feeding cream or corn al and cholesterol Al-2, before and after cream or corn oil plus cholesterol meals 

All values are expressed as milligrams of lipoprotein in a frac- Caleulated from the values in Tables III and IV. The sum of 

tion per 100 ml. of lymph. The values are the sums of the con- the lipoprotein constituents is taken as 100 in calculating the 

stituents given in Table IV. percentages of composition. 
Dog Dog «Dog t* | Dog 21 

Fed 

All 1546 272 1889 Al-l Protein 4.0/1.6 3.5/1.8) 1.1 

AL-2 55 218 164 169 aM 10°) Phos pholipide | 6.0 100.0 6.0 | 5.5 

a2 9 10 iM 13 12 Free cholesterol 3.0 0.8 2.0 0.7 | 0.4 

B il 12 19 pA} » Cholesterol ester 40°06 45 3.0 3.0 

128 117 2S 22 | Trighyeeride (78.0 91.0 30.0 88.5 90.0 

* Cream diet. Al (8,20 Protein 7.3540 67/590 6.0 
t Corn oil plus cholesterol diet. 1000) Phos pholi pide 12.7 | 7.0 4.0 12.0 | 8.5 

Free cholesterol 5.5 1.0 1.8 1.0 1.0 
Cholesterol ester 5.5 1.0 5.5 | 3.0 | 3.0 
Triglyceride 69.0 87.0 72.0 75.0 

Com positi hi in fractions isolated from lym * Fed cream alone. 

or corn oil plus choleste Fed corn oil plus cholesterol. 

All values are expressed as milligrams of constituent found in 

lipoprotein fraction per 100 ml. of lymph. in lymph in the 8,20 and higher classes of lipoproteins, only a 

— ee very small increase was detected in the low density lipoproteins 

| in serum during active fat absorption. This indicates that the 

a > | Constituent rar | very low density lipoprotein complexes are rapidly utilized after 

| | ‘on || * |S reaching the blood stream. Similar observations have been 
ail — reported by other investigators (10, 20). 
In dogs we observed an increase in serum Fraction B 4 hours 
Dog 1* | after ingestion of a fat meal. Havel (4) found an increase in 
Before meal Protein 4) 4°15 3.5 76 his Fraction IV (the sum of our Fractions B and C) in man after 
Phos pholipide 7°05 25 32 high fat meals. In Havel’s experiments the increase in the 
Free | total mass of the high density lipoprotein fraction was due 
| a8 55 25. to an increase im phospholipides, with lesser increases 
1 to 2 hrs. | Protein 9/2.5|3.5| 64 cholesterol and protein. In our Fraction B, however, all con- 
Bed 
meal Free cholest 2; 21:0.86'0.8; 2 
Cholesterol ester 9 2 | 10 05 16 ae 
Triglyceride 10 3.5 4.0, © 1. Serum and thoracic duct lymph were obtained from dogs 
— | | | before and after the feeding of diets containing fat or fat and 
| cholesterol. Serum and lymph lipoproteins were separated 
Before meal | Protein 3s | 3.0 107 the ultracentrifugal, procedure into 
| fractions, and each was analyzed for protein, triglycerides, free 
Cichee tee 21 9 20 | 6.0 6 and ester cholesterol, and phospholipides. In the case of lymph, 
Triglyceride 218 #4118 4.5 | 4.0 0 the lipoprotein fractions were designated as follows: Al-l, 

to 2 brs. Protein 5.0 5.0. 105 those of S,10-10*; Al-2, S,20-1000; A2, 8,0-20; and B and C, 
after Phospholi pide 12) 2 3.0 7.0 57 usually referred to as the high density lipoproteins. In the case 
meal Free cholesterol 3) 0622'05 1.0 £44 ~~) of serum, the low density lipoproteins were isolated as a single 

Cholesterol ester 57 5 1.5 5.0 43 fraction designated as A; B and C were the same as those of 
Triglyceride 1674 127 | 3.0/5.0 20 lymph; the ultracentrifugal residue was referred to as D. 

4 to 5 hrs. | Protein St) 23) 4.0) 4.5) 124 2. When dogs were fed a meal containing corn oil or corn oil 
after Phospholipide a3 | 33/ 1.0/5.0) & plus cholesterol, an increase in the amounts of A and, to a lesser 
gk extent, im the amounts of B, was observed in serum. No es- 

Triglyceride 4563 | 313 6.0 6.0 0 sential changes were found in Fractions C and D. 
oe 3. The following lymph changes were observed after the ani- 

* Fed cream alone. mals were fed cream or the meal containing corn oil and choles- 

t Fed corn oil plus cholesterol. terol. The lowest density fractions, Al-1 and Al-2, were in- 
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creased, but 90 per cent of the increased amounts of lipides the percentage composition of Fraction Al-1 (chylomicron. 


that appeared in lymph as a result of the fat meals was found in 
Fraction Al-1. The concentrations of Fractions A2, B, and C 
remained unchanged. 

4. 5 hours after the ingestion of a corn oil-cholesterol meal, 


containing fraction) was: protein, 1.1; phospholipides, 5.5; 
free cholesterol, 0.4; cholesterol esters, 3.0; and triglycerides, 90, 
In spite of the low concentration of cholesterol in Fraction Al-1, 
practically all of absorbed cholesterol is carried in this fraction, 
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Complexes of enzymes with their substrates play an important 
role in considerations of enzymatic action. The evidence for 
the existence of such complexes is mostly indirect. Only recently 
has modern instrumentation made it possible to obtain direct 
evidence of enzyme-substrate complexes in a few selected cases 
(1, 2). Those instances in which enzyme-substrate complexes 
could be actually isolated are very few. Except for the acyl 
enzyme complex of triose phosphate dehydrogenase (3) only 
enzyme complexes of macromolecular substrates have been 
isolated, such as lipoprotein-lipoprotein lipase (4), egg albumin- 
pepsin (5) and ribonucleic acid-ribonuclease (6). The unusual 
properties of three flavoproteins from pig liver, the acyl de- 
hydrogenases' (8, 9), have now made it possible to isolate and 
study the substrate-complexes of these enzymes. The interest- 
ing observation had been reported previously that these enzymes 
are stabilized at an intermediate oxidation state in the presence 
of no more than stoichiometric amounts of substrate (8, 9). It 
was this observation which directed our attention to the un- 
usually strong binding of substrate to the acyl dehydrogenases. 
The strength of binding in this case approaches that of an 
enzyme-coenzyme bond, and it is relevant to point out that the 
substrates do in fact contain a coenzyme moiety. No measur- 
able dissociation of these complexes occurs, and the bound CoA 
derivatives do not show the behavior of the free compounds. 
Each one of the three acyl dehydrogenases forms these “non- 
dissociable’”” complexes only with substrates of optimal carbon 
chain length which have also shown the highest affinity for the 
respective enzyme in kinetic studies. These substrates are 
always bound at a constant ratio to flavin or protein. There is 
no way of releasing the bound substrate molecules from the 
intact enzyme except by displacement with additional sub- 
strate. This displacement occurs at a sufficient velocity so that 
the isolated complexes may be considered as true intermediates 
in the over-all enzymatic reaction. 

In the studies which form the subject of this communication 
direct evidence for the substrate-binding to the acyl dehy- 
drogenases was obtained, and observations on the stability, 
specificity, stoichiometry and turnover of these complexes are 
reported. 


* Permanent address: University of Utrecht, Laboratory for 
Physiological Chemistry, Vondellaan 24a, Utrecht, The Nether- 
lands. 

' The nomenclature used for the enzymes of fatty acid metabo- 
lism is that recommended in reference (7). 


EXPERIMENTAL 


Materials and Methods—The enzymes and substrates used 
were prepared as described previously (9-11). All preparations 
of the acyl dehydrogenases had undergone repeated electro- 
phoretie purification on starch columns and were free of the 
related enzymes of different chain-length specificity and of 
ETF? The green form of butyryl dehydrogenase was converted 
into the yellow form by dithionite treatment as described in 
Paper VII of this series (12). Since the green form shows some 
peculiarities with respect to substrate binding, only the yellow 
form was used in the work presented in this paper. Observa- 
tions on the binding of substrate by G will be reported in the 
accompanying paper (12). 

Two types of labeled substrates were prepared containing 
either P® in the CoA moiety or C™ in the carboxyl carbon of the 
acyl residue. These were prepared enzymatically from the 
labeled free acids or from P®-labeled CoA. The labeled acids 
were obtained commercially. The enzymatic reaction mixtures 
in which the carboxyl-labeled derivatives had been prepared 
were acidified with perchloric acid to pH 2 and were extracted 5 
times with an excess of ether to remove free labeled acid. The 
CoA derivatives were then extracted with phenol-benzyl alcohol. 

Labeled CoA was prepared by enzymatic phosphorylation of 
dephospho-CoA by ATP®* (14). A preparation of pure de- 
phospho-CoA was kindly provided by Dr. F. Lynen. Uni- 
me labeled ATP® was purchased from Schwarz Laboratories, 

ne. 

The CoA derivatives were purified by descending paper 
chromatography on Whatman paper No. 3MM or No. 17 
washed in Versene (disodium salt of ethylenediaminetetraacetic 
acid, Dow Chemical Co.) in ethanol-acetate (70 ml. ethanol and 
60 ml. 0.1 st sodium acetate of pH 4.5) (15) for about 18 hours 
at 2°. The P®-labeled substrate was chromatographed in the 
pyridine-isopropanol-water system (1:1:1) (15). In both 
systems a complete separation of free CoA, free acid, and CoA 
derivative was obtained, as judged from measurements of C¥ 
and P® radioactivities and from the localization of the quenching 


* The abbreviations used are: C,, Cy, Cs, and Cis, acyl deriva- 
tives of CoA of the corresponding number of carbons in the acyl 
residue; * indicates C™ label in carboxyl group; Y, yellow acyl 
dehydrogenase (C,-Ci«) (10); Y’, yellow acyl dehydrogenase 
(Co-Cis) (11); G, green acyl dehydrogenase (C,-C,); DG, yellow 
form of G (12); ETF, electron transferring flavoprotein (13) (all 
enzymes from pig liver). 
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bands under ultraviolet light. A separation of CoA derivatives 
of different carbon chain length such as C, and C, cannot be 
expected. As observed by others (15), any individual acyl 
derivative of CoA always formed two distinct zones on paper 
which contained about equal amounts of material. No obvious 
difference between the material in these zones could be detected. 
The material of both zones served equally well as substrate for 
the acyl dehydrogenases. Inasmuch as enzymatic acylation of 
dephospho-CoA is slower and less complete than that of CoA® 
and since commercial CoA does not appear to contain ap- 
proximately equal amounts of CoA and dephospho-CoA (16), it 
is unlikely that one of the bands represents dephospho-CoA. 
This was also confirmed by the specific activities of the P®- 
labeled substrates contained in the two bands. Of the C™- 
labeled substrates only the material in the band farther away 
from the solvent front was used in order to minimize contamina- 
tion with traces of free labeled acid. The free acid migrates 
with the solvent front. When the substrate was labeled with 
P®, the band near the solvent front was used since contamination 
with free CoA was less likely with the material in this band. 
The aqueous eluates containing the C'-labeled substrates were 
acidified with Dowex 50 and were repeatedly extracted with 
ether before final filtration and lyophilization. This last ex- 
traction removes the bulk of the acetic acid from the buffer 
and any labeled fatty acid which may have arisen by hydrolysis 
of the CoA derivatives during the preceding procedures. The 
remainder of the lower fatty acids is volatilized during lyophiliza- 
tion. The eluates from the chromatographic system in which 
pyridine was used were adjusted to pH 8, and pyridine was 
extracted with ether. 

C"labeled C, was a gift of Dr. S. J. Wakil. This compound 
had been prepared and purified by procedures similar to those 
described above. Ci.*, a gift of Dr. P. G. Stansly, had been 
prepared enzymatically according to Kornberg and Pricer (17) 
and had been purified by repeated precipitation with acid and 
extraction with ether. The precipitation and extraction pro- 
cedure was repeated before use in the present work. 

The radiopurity of C2, C, and C, with respect to contamina- 
tion by lower or higher homologues was examined by converting 
the CoA derivatives into the corresponding hydroxamic acids 
and subjecting the hydroxamic acids to chromatography. The 
corresponding unlabeled hydroxamates were added as carriers. 
Hydroxamic acids of C, and C, were separated in the benzene- 
formic, benzene-acetic, benzene-octanol-formic and amyl alcohol- 
formic acid systems of Thompson (18). Acetohydroxamic acid 
was chromatographed in amyl alcohol-formic acid. The de- 
veloped chromatograms were assayed for radioactivity after the 
hydroxamates had been localized on guide strips by the ferric 
chloride spray. After they had been counted, the strips con- 
taining the radioactive material were also sprayed in order to 
test whether labeled and staining spots coincided. C,* con- 
tained less than 0.2 per cent of C,*, if any, and C,* did not 
contain more than 0.3 per cent of C,*. C,* was free of C,*, 
and C.°. C,*, or were not found. 


2,6-Dichlorophenol-indophenol Lot No. 26 was purchased 
from the Eastman Kodak Company and was used without 
further purification. Potassium biiodate, certified as primary 
standard, was obtained from the G. Frederick Smith Chemical 
Company, Columbus, Ohio. 

Assay Methods—The enzymatic activity of the acyl dehy- 
drogenases and the titer of the substrates were determined as 
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previously described (9, 10). CC, was assayed with the combing. 
tion of malic dehydrogenase and condensing enzyme (19) and 
crotonyl CoA with the combination of enoyl hydrase and 
hydroxyacyl dehydrogenase (20). When crotonyl CoA way 
determined in reaction mixtures, the assay was conducted ig 
such a fashion that it would include any 8-hydroxybutyryl CoA 
formed from crotonyl CoA by the action of the hydrase (9), 
CoA was assayed by an unpublished procedure of Dr. 8. J, 
Wakil which makes use of the strong absorption band which 
appears at 300 mg when sorbate is incubated with CoA in the 
presence of ATP and fatty acid thiokinase.* 

As the actual acyl CoA content of the substrate preparations 
was of prime importance for the present work, it appeared 
desirable to reevaluate the information available on the value 
of the molar extinction coefficient of 2,6-dichlorophenol-indo- 
phenol, on which the determination of substrate is based. Un- 
fortunately the discrepancy between the values reported in the 
literature is considerable (10, 21-23). One source of these 
discrepancies lies in the methods used for the standardization of 
the dye. In addition, it appears likely that an actual difference 
in the dye preparations contributes to uncertainties as prepara- 
tions of different origin were used with and without prior puri- 
fication. We find it, therefore, advisable not to rely on reported 
values, but to standardize the particular dye preparation which 
one uses. As suitable reducing agents are not available which 
could qualify as primary standards, we preferred to reoxidize 
the reduced dye with a standard oxidizing agent. 

Indophenol in 0.1 to 0.05 « phosphate buffer of pH 6.98 was 
partially reduced to a light blue color by a suboptimal amount 
of potassium borohydride or ascorbate. When ascorbate was 
used as reductant, Versene had to be added (0.003 final 
concentration) to avoid auto-oxidation of the dye. In some 
experiments indophenol was reduced by sodium amalgam. In 
this case an unbuffered solution of the dye was kept at pH <7 
by successive additions of HCI, and the reduced dye was added 
to an excess of buffer. An aliquot of the solution was then 
reoxidized stepwise by addition of small increments of potassium 
ferricyanide, and the changes in absorbance at 600 my were 
measured. According to available information (24) at pH 7 
the titration values, obtained in the region where about 20 
per cent or more of the indophenol is still in the reduced state, 
should correspond to a practically complete reduction of ferri- 
cyanide. Ferricyanide was standardized iodometrically in the 
presence of an excess of Zn** against thiosulfate, which was in 
turn standardized against the primary standard potassium 
biiodate. The titer of the ferricvanide was determined before 
and after titration of the reduced indophenol. Only calibrated 
pipettes were used. Micropipettes were coated with Dri-Film 
(General Electric Company). The molar extinction coefficient 
for 600 my, pH 6.98 and 20-30° derived from these experiments 
was 21.0 + 0.3 x 10 em? X mole™.* The values obtained 
with the three reducing agents were in excellent agreement. 


*8. J. Wakil, personal communication. 

‘We are indebted to Dr. 8S. A. Kuby of this Institute and to 
Dr. W. Seubert of Munich for informing us of the values for Ege =. 
of 2,6-dichlorophenol indophenol determined in their recent work. 
These values are 18.15 X 10° cm.* X mole (pH 6.52; 21°; phos- 
phate of ¢ = 0.1) and 17.8 X 10° cm.* X mole (pH 7; ~20° phos- 
phate of « = 0.12), respectively. 

* The formulation is used in which the concentration of the 
solute is given in moles per |. 
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The value was further confirmed when reduced indophenol was 
against potassium biiodate. As the new value appeared to be 
high as compared to those determined previously in other 
iIsboratories as well as our own,* a minimal value for the extine- 
tion coefficient was estimated by a third approach. A known 
amount of the dye was completely dissolved in buffer of pH 
7.0, and the absorbance of an aliquot was determined. On the 
basis of the assumption that the sample is 100 per cent indophenol 
of the formula given by the manufacturer, riz. NaOC,H,N: 
CHC1;-0-2HO (molecular weight 326.12), a coefficient of 
20.2 x 10 em? X< mole was calculated. The value is a 
minimal one, as any impurity in the preparation will increase 
thix value. If a colored impurity of a higher extinction at 600 
my per unit weight should be present, this estimate is not valid. 

Flavin and protein were determined as described previously 
(9). 0.5 mg. of protein per ml. corresponds to an absorbance of 
0.147 at 40 mp. A protein concentration higher than 0.7 
mg. per ml. is undesirable in the biuret assay used. 

For analytical paper chromatography of CoA derivatives the 
ammonium isobutyrate system was preferred (25) as it appeared 
to give the greatest separation of free acid, CoA derivative, and 
CoA. 

Radioactivity on paper strips was generally determined by a 
window counter. Radioactivity of all other samples was 
measured in a flow counter after plating 0.05 ml. aliquots of 
solutions of the labeled materials on aluminum planchets. 2 
gl. of 5 ws KOH (more for acid solutions) and a few grains of 
detergent (Tide, Procter and Gamble) were added to each 
aliquot before plating. A correction was applied for self- 
— by protein according to an empirical correction 


from enzyme-bound C,, an excess of hydroxylamine low in salt 
(26) was added to the enzyme-substrate complex. After stand- 
ing | hour at room temperature, the protein was precipitated 
with an excess of ethanol. The supernatant ethanolic solution 


* The coefficient of 16.1 X 10° em.* X mole~' previously deter- 
mined in this laboratory by reduction of indophenol by carefully 
standardized ferrous ammonium sulfate is too low, as a quantita- 
tive oxidation of ferrous ions by indophenol does not take place. 
It had been assumed that this difficulty was eliminated by the use 
of a considerable excess of indophenol and by comparison of values 
obtained at different levels of reductant. It is now apparent that 
an insufficient range of Fe** levels was used for a discrepancy to 
become apparent. The new extinction coefficient makes necessary 
a reevaluation of data published in earlier papers. This reevalua- 
tion is particularly incisive in Paper V of this series (9). It had 
been reported in that paper that | mole of flavin was “bleached” 
per mole of substrate added. It appears now that more than | 
mole of flavin is bleached per mole of substrate added, which 
makes it likely that 1 substrate molecule may reduce 2 flavin 
molecules to the semiquinone level. It is also apparent that the 
agreement of other determinations of CoA derivatives with that 
based on the old coefficient was misleading. A reinvestigation of 
the hydroxamate assay showed that the uncertainty in this away 
stems from the difficulty of devising an adequate blank control. 
With the slightly colored acyl CoA samples a control in which 
hydroxylamine is added to the sample after acidification differs 
from a control in which the sample but no hydroxylamine is added. 
The latter kind of blank had been used which appears to give high 
values for hydroxamate formed. 
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was evaporated, and the residue was extracted with a small 
amount of ethanol. This extract was chromatographed in 
benzene-formic acid (18) for 5) hours at room temperature. 

Except when variations are specifically mentioned, the fol- 
lowing standard procedure was followed in all determinations of 
enzyme-substrate binding which are summarized in Tables I and 
Il. Generally a 2- to 3-fold excess of substrate with respect to 
enzyme-bound flavin was used. The substrate solution (pH 6) 
was added to a solution of the enzyme in 0.05 to 0.02 » phos- 
phate of pH 7.1 to 7.4 containing about 5 myumoles of enzyme- 
bound flavin in 0.1 ml. After standing 5 minutes at 0°, cold 
saturated ammonium sulfate was added to the solution so that 
the final saturation was about 80 per cent. After mixing, the 
protein was sedimented in a cooled micro-centrifuge. The 
supernatant liquid was carefully withdrawn, and the protein was 
redissolved to about the original volume with 0.02 phosphate. 
The protein was reprecipitated, centrifuged, and redissolved as 
before. The solution was transferred into a small dialysis bag 
by the use of a micropipette. The upper end of the bag was 
tied with surgical silk (Size 2) in such a fashion that capillary 
attraction of the small fluid volume (about 0.1 ml.) from the 
lower part of the bag was avoided. The samples were then 
dialyzed for about 60 to 70 hours at 2-4° against two successive 
batches of 0.02 « phosphate, pH 7.2, so that the total volume of 
dialysis fluid was about 2000 times the volume of the sample. 
The outside fluid was stirred. The samples were withdrawn 
with micropipettes through an incision in the bags. They were 
clarified in the centrifuge and either subjected to further pro- 
cedures or to analysis. For analysis the samples were divided 
into two approximately equal aliquots, one for the determination 
of radioactivity and the other for the assay of flavin and protein. 
Further treatment of the samples included repetition of the 
standard procedure just described or exposure to an anion 
exchange resin, charcoal, organic solvents, urea, heat, acid or to 
an excess of one of the CoA derivatives, as mentioned in the 
text or in the tables. 

Dowex 2-formate, prepared according to Hurlbert ef al. (27), 
was added to the sample in 0.02 « phosphate so that the sedi- 
mented resin occupied about 25 per cent of the volume of the 
mixture. The sample was kept at 0° for 30 minutes with fre- 
quent agitation. The liquid phase was withdrawn and assayed. 
The residual resin was washed with water and tested for its 
ability to adsorb under the same conditions an amount of free 
acyl CoA equivalent to that present in the enzyme-substrate 
complex. In every case the added free acyl CoA was im- 
mediately taken up by the resin. The experiments with char- 
coal were carried out in an analogous fashion. The residual 
charcoal also adsorbed the free substrates instantly. 

Separations in the ultracentrifuge were carried out in the 
partition cell of the Spinco model E ultracentrifuge. Cen- 
trifugation was continued until all protein was in the lower 
compartment (about 2) hours at 59,780 r.p.m. with all three 
acyl dehydrogenases). The liquid in the upper compartment 
could be almost quantitatively withdrawn with a 26 gauge 
needle to which capillary polyethylene tubing’ was attached. 
The paper diaphragm was pierced in the center with a needle, 
and the contents of the lower compartment were also with- 
drawn through the polyetheylene tubing with very little loss. 
When free Ci, was separated from protein by ultracentrifugation, 
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Taste I 
Specificity and stability of enzyme-substrate compleres 
Experi- | Sub- Molar ratio of 
ment Enzyme | Treatment® bound 
1 Y I Cy. | Standard 0.03 
IC, | Standard 0.17 
Fm I | Cy | Ineubated 1 hr. before 0.17 
standard 
I | Cy, | Standard 0.45 
5 Y IC, Standard 0.44 
6 | Y I | Cet | Standard 0.00 
I | Cy | 7 days’ dialysis (2°) 0.43 
8s | Y I | Cy | 30 minutes with Dowex 0.43 
2 (0°) 
9 Y I | Cy | 30 minutes with char- 0.29 
(0°) 
10 | Y I | Cy | 7 days’ dialysis (2°) 0.14 
11 Y II | Cy | Standard 0.40 
12 II | Cy, | Standard treatment re- 0.39 
peated 
13 Y III | Cy | Standard 0.09 
146/|Y III | Cy | Standard treatment re- 0.06 
peated 
16 | Y III | Cy | Standard 0.53 
16 Y III | Cy | Standard treatment re- 0.48 
peated 
17 Y III Cy C, added in presence of 0.48 
0.07 u histidine, pH 9 
is | Y III | Cy | Cy added in presence of 0.55 
0.07 m histidine, pH 
5.5 
19 | Y III | C, | 24 hours in 8 m urea 0.40§ 
(0°) and 24 hours’ 
dialysis 
20 |Y III | Cy | Cyadded in presence of 0.68¢ 
ETF 
21 = IV Cy | Standard | 0.02 
gk IV | Cy | Standard 0.02 
IV | Cy, | Standard 
re IV | Cy, | Standard 0.57 
25 | DG| VI| | Standard 0.08 
2 | DG! VI! Cy. | Standard «0.55 
27 DG VI Cc. 0.539 
2 | DG) VI | Cy | DG kept reduced dur- 0.75 
ing addition of 
29 | DG! VI | Cy | Standard 0.10 
30 | DG Cy | Standard «0.76 
31 | Cy | Standard | 0.16 


* Standard treatment, as described under ‘‘Methods,”’ consists 
of two ammonium sulfate precipitations followed by 60 to 70 
hours’ dialysis. All other treatments described were applied 
subsequent to the standard procedure. 

t Free octanoic acid-C". 

t Nuchar C 190 unground. Finer charcoals adsorb consider- 
able quantities of protein. 

§ This ratio refers to the relatively small quantity of substrate 
and flavin remaining on the enzyme. About 90 per cent of the 
flavin was lost on urea treatment. 

¢ This value is only approximate, because ETF contributes to 
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the sedimented protein in the lower compartment was not 
withdrawn. Buffer containing unlabeled Cy, as a carrier was 
added to the partition cell to the original volume. The celj 
contents were mixed by spinning the cell in the proper positiog 
for 5 minutes at low speed in the Servall centrifuge. Ultra 
centrifugation was then carried out as before. This operation 
was repeated several times. In this way Ci originally present 
with the protein could be washed out. 

Cig was separated from labeled C, by precipitation with 
perchloric acid at pH 1.0. The precipitate of Cig was not 
washed, since noticeable dissolution occurred even with acid 
wash fluids. The low radioactivity found in the Cy. precipitate 
may therefore be attributed to imbibed supernatant liquid 
containing labeled Cy. 


RESULTS AND DISCUSSION 


Stability of Enzyme-substrate Complezes—The following observa- 
tions confirmed the conclusion drawn previously (8, 9) that the 
acyl dehydrogenases form unusually strong substrate complexes, 
Whether a tracer or the enzymatic method was used to deter- 
mine bound substrate is indicated in parenthesis. A certain 
amount of substrate remained with the enzyme during (@) 
prolonged dialysis up to 7 days at 2° (enzymatic assay, C", P*), 
(6) repeated (up to 4 times) precipitations with ammonium 
sulfate (enzymatic assay, C, P™), (c) sedimentation of the 
protein in the partition cell of the ultracentrifuge (enzymatic 
assay, P™), (d) treatment with Dowex 2-formate (C"), (¢ 
treatment with charcoal (C"), (f) precipitation of the protein 
with acetone at 30° followed by washing of the denatured 
protein with water (C"). Corresponding data on C-labeled 
substrates are shown in Table I. 

Free substrates, with the exception of Cis, did not show the 
behavior described under (a) through (f) but acted in the manner 
known for CoA derivatives: When used at the same level as in 
the binding experiments, the free CoA derivatives from C; to 
C, were found at equal concentration in- and outside the dialysis 
bag after 48 hours’ dialysis (the outside liquid was stirred), 
were not precipitated by ammonium sulfate, showed only a slight 
gradient after 2) hours’ ultracentrifugation at 59,780 r.p.m. 
(the concentration in the upper compartment of the partition 
cell was 78 per cent of the concentration in the lower compart- 
ment), were immediately adsorbed on Dowex 2-formate or 
charcoal, and were readily dissolved after acetone precipitation. 

Ci, could not be used as a substrate in these experiments, as 
it shows a behavior different from that of CoA and acyl deriva- 
tives of shorter carbon chain. Cy is precipitated by ammonium 
sulfate, dialyzes extremely slowly and sediments in the ultra- 
centrifuge at a rate which is not much lower than the sedi- 
mentation rate of the acyl dehydrogenases. Cy, at a 1.5 X 
10-* wt concentration forms a distinct boundary in the ordinary 
Schlieren optical system of the Spinco ultracentrifuge. It may 
be concluded from this behavior that at this concentration Cys 
occurs in the form of micelles of considerable size. It is likely 


the total flavin content. A correction for the flavin of ETF was 
applied on the basis of the quantity initially added. ETF may, 
however, not be completely precipitated with ammonium sulfate, 
which would result in too high a ratio. ETF alone does not bind 
acyl derivatives of CoA. 

|| These samples were not precipitated with ammonium sulfate. 
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that all CoA derivatives of 12 or more carbons in the acyl 
residue show a behavior similar to that of Cy. 

The substrate was, however, released from the enzyme on 
acidification (pH <2) or heating (2 to 10 minutes at 100°)’ 
On treatment with 8 mM urea substrate was liberated slowly in 
the course of several days at about the same rate at which the 
enzyme-bound flavin became dialyzable, so that there was 
hardly any change in the ratio of bound substrate per flavin 
(Table 1, Experiment 19). It is of interest that all these pro- 
cedures which release the substrate will also lead to the liberation 
of the enzyme-bound flavin. It may be pointed out here that 
the substrates of the acyl dehydrogenases may actually be 
considered as substrate-coenzyme hybrids. The fact that a 
coenzyme moiety is present in the substrate molecules which 
contains groups of a notorious affinity for many proteins may 
strongly contribute to the observed efficiency of binding. These 
peculiar substrates appear to be bound almost as tightly as the 
prosthetic group proper of the enzymes is bound. 

Preliminary experiments indicated that on clectrophoresis 
substrate may be slowly separated from the enzymes. 

Most experiments were carried out in 0.05 to 0.02 m phosphate 
buffer at pH 7.1 to 74. However, in 0.07 » histidine of pH 
5.5 and pH 9 essentially the same results were obtained with a 
possible indication of a higher binding capacity at the lower 
pH. When ETF, the natural electron acceptor for the acyl 
dehydrogenases, was added to Y, no interference with substrate 
binding was observed. Equivalent amounts, on a flavin basis, 
of the two enzymes were added together. 

Oxidation State of Complezing Partners—When substrate 
interacts with the acyl dehydrogenases, an oxidoreduction takes 
place (8, 9). The flavoproteins are partially reduced, and the 
bound substrates are dehydrogenated. After repeated am- 
monium sulfate precipitations and prolonged dialysis, the spectra 
of the oxidized flavoproteins are again observed, indicating that 
in the course of these manipulations the prosthetic flavins have 
been reoxidized. The observations at the termination of an 
experiment are therefore made on a complex of product and 
oxidized flavoprotein, whereas the initial interaction occurs 
between oxidized flavoprotein and the reduced form of sub- 
strate. The amount of product bound to the oxidized flavo- 
protein at the final stage of analysis cannot, therefore, be more 
than the amount of substrate initially bound, but it could be 
less. On the other hand, we do not know how much of the 
product could be bound if the product were added directly to the 
oxidized flavoprotein. That the reduced form of the substrate 
is bound by the reduced enzyme equally well or possibly even 
more strongly is shown in Experiments 27 and 28 of Table I. 

It has to be kept in mind for the reasons just discussed that 
the present experiments suffer from an uncertainty imposed by 
the difficulties in defining the oxidation state of the interacting 
partners. In the subsequent discussion no reference will be 
made to the oxidation state of the reactants, except in a very 
few cases, and the words substrate and enzyme will be used 


* The efficiency of the heat treatment depends on protein and 
substrate concentration. It was observed that substrate pro- 
tects the enzymes considerably from heat denaturation. Thus 
it was not possible to coagulate Y’ in the presence of an excess of 
Cis. Heat denaturation of impurities in the presence of substrate 
should therefore be considered as a purification step for the acyl 


dehydrogenases. 


E. P.. Steyn-Parvé and H. Beinert 


847 


irrespective of the oxidation state so that “substrate” may 
designate both the oxidized and reduced forms of the substrate. 

No labeled unsaturated CoA derivatives were available for 
investigating product binding independently. However, ex- 
periments were carried out on the displacement of bound labeled 
substrate by erotonyl CoA. The results of these experiments 
showed that the unsaturated derivatives were about equally 
effective in displacing bound substrate (cf. Table I, Experi- 
ments 55-58). It appears therefore unlikely that a great 
difference exists in the affinity of substrate and product for the 
enzymes. According to Hauge’s kinetic studies of the over-all 
system, the affinity of the product for the oxidized form of the 
enzyme exceeds that of the substrate by a factor of 3 to 6 (28). 
These values, however, cannot be expected to be applicable to a 
study of the interaction of the dehydrogenases with their sub- 
strates by different methods and under different conditions. 

Specificity of Enzyme-Substrate Binding—Before one can 
evaluate the significance of the observed substrate binding, the 
specificity of the binding has to be considered. The fact that 
three related acyl dehydrogenases were available, which had 
shown a distinct specificity pattern in kinetic studies (28), 
afforded a unique opportunity for testing and comparing the 
specificity of substrate binding. As will be discussed more 
thoroughly in a subsequent section on the stoichiometry of 
binding, there appears to be a certain number of sites in any one 
enzyme sample with binding characteristics different from those 
of the majority of sites. The specificity of the enzymes is more 
strongly expressed in the behavior of the majority of sites, and 
our consideration will mainly be concerned with these sites, 
since the significance and the behavior of the other sites is poorly 
understood. 

As only labeled C;, C,, Cy and Cis were available and as Cy 
could not be used for most binding studies for reasons men- 
tioned above, the information is limited to the interaction of the 
enzymes with C;, C, and Cy. If only these substrates are 
considered, G has the highest turnover rate with C, and Y and 
Y’ with C, according to kinetic studies of the over-all dehy- 
drogenation reaction. Y’ is inactive with C, as substrate. Y 
will dehydrogenate C,, although the Michaelis constant for this 
substrate is 40 times higher than that for Cy. C; is not a sub- 
strate for any of the acyl dehydrogenases. The specificity of 
substrate binding by the three dehydrogenases, as shown in 
Table I, falls in line with the specificity deduced from kinetic 
studies. 

Free octanoate is completely separable from Y by 48 hours’ 
dialysis. No experiments on the possible binding of P®-labeled 
CoA were made. As C; is very poorly bound, it was not ex- 
pected that significant amounts of CoA would be bound. Ex- 
periments on the displacement of bound labeled substrate by 
CoA were, however, carried out. At a 10-fold excess CoA in its 
reduced or oxidized form was not able to displace P®-labeled 
C, bound to Y’. S-crotonyl-N-acetyl thioethylamine, at a 170- 
fold excess over C, bound to DG, displaced only 16 per cent of 
the substrate whereas a 30- to 50-fold excess of crotonyl CoA 
displaced about 80 per cent of the substrate (Table II, Experi- 
ments 56, 58, 62). As will be shown below, this is about the 
maximal amount of substrate readily displaced. The remaining 
substrate appears to be more strongly bound. 

The specificity of the acyl dehydrogenases for their substrates 
is also evident from studies on the mutual di of 
various substrates from the enzymes (Table II). Thus C, is 
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Stoichiometry and turnover of enzyme-substrate compleres 


Excess Molar 
Dis- ratio of 
= En- | Blac | PIR sub- 
strate | over | 
flavin 
C,* 0.45 
C,* 0.44 
32 |Y I| C,* Cs 10 | 0.12 
33 | Y I| C,* Cs, 20 | 0.12 |Incubated with dis- 
placing substrate 
for 30 minutes (0°) 
34 I| C,* Cs 20 0.11 |Incubated with dis- 
placing substrate 
for 30 seconds (0°) 
35 | Y I| Cy, C,* 3 | 0.06 
I| C,* 0.17 
36 | Y I| Cs 5 | 0.14 
11 II} C,* 0.40 
37 |Y II | Cs C,* 30.10 
15 | Y III | C,* 0.53 (3-fold excess of C,* 
over flavin 
38 | Y III | C,* 0.47 (20-fold excess of C,* 
over flavin 
39 | Y III | C,* 0.51 'C,* added to ammo- 
nium sulfate pre- 
cipitated suspen- 
sion of Y (— 10°) 
40 | Y III | C,* 0.02 added to packed, 
sedimented ammo- 
nium sulfate pre- 
cipitate of Y 
41 III | C,* Cs 20 | 0.18 
42 \Y III | C,* Cs 20 | 0.18 iC, added to ammo- 
nium sulfate pre- 
cipitated suspen- 
sion of Y (0°) 
43 III | C,* C, 20 | 0.41 
13 | Y III | C,* 0.09 
“4/Y III | C,* Cs 20 | 0.04 
23 IV | C,* 0.62 
24 Y’ IV | C,* 0.57 
45 | Y’ IV | C,* Cs 20 | 0.09 
46 | Y’ IV | C,* 0.66 |Y’ exposed to room 
47 | Y’ IV | C,* Cs 20 | 0.07 temperature (21°) 
for 17 hours before 
addition of C,*. 
No loss of bound 
flavin occurred 
during this treat- 
ment. 
4s IV C,* Cr 20) 0.04 
49 | Y’ IV | C,* 0.02 
50 | Y’ IV | Cs 20 | 0.00 
51 | Y’ Vi c,* 0.57 
52 | Y’ Vi c,* Cy 10 | 0.06 
53 | Y’ Vi C,(P*) 0.69 
Y’ Vi Cy, 5 | 0.23 
26 | DG C,* 0.54 
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Tasie I1—Continued 
‘Excess 
| | substrate | | | pirate | Remarks 
No. strate strate, 
over | devin 
flavin 
55 DG VI C, 25 | 0.08 Incubated with dis. 
5% DG) OC. 2 0.10. placing substrate 
for 30 minutes, 
AC, stands for 
crotonyl CoA. 
30 | DG) VIL) C,* | — | — | 0.76 
58 DG VIE 0.14 AC, stands for cro- 
tonyl CoA 
VII C, Cc” 0.066 
DG) Cc. 0.16 
DG)! VII} C,* 2D 
DG Cc’ | 0.64 
DG VIII' Cy" 170 0.53 AC, stands for 
| S-crotonyl-N- 
acetyl thioethy!l- 
amine 
| | 0.68 2fold excess of C, 
| | over flavin 
& IX C,* 0.73 l0-fold excess of C, 
| over flavin 
65 DG Xice | 0.75 Enzyme had lost 
6 Cy Cy 0.22 35% of its original 
| flavin by repeated 
dialyses and pre- 
| | cipitations. 


not able to displace C, efficiently from Y (Table Il, Experiments 
35, 37, 43), and Cy, is not able to displace C, from DG 
(Table Il, Experiment 59), but Cys displaces C, readily from Y’ 
(Table II, Experiment 48). 

Another observation strongly points to the specificity of com- 
plex formation between the acyl dehydrogenases and their 
substrates. During attempts to recover the bound substrate 
from the enzyme-substrate complex by denaturation of the 
protein with HCIO, (pH 2), no intact substrate or product could 
be found in the clarified supernatant fluid although the C™ or 
P® label of both the acyl and CoA moieties was obviously 
released. Enzymatic assays for the presence of substrate or 
product were negative, and paper chromatography in the am- 
monium isobutyrate system showed that all C™ label present 
was in the area of free acid and all P® label in the area of free 
CoA. In these experiments the corresponding acyl CoA had 
been added as a carrier before chromatography. 

The expected quantity of free CoA could also be demonstrated 
in the supernatant fluid by the nitroprusside reaction and by 
enzymatic assay in the supernatant fluid after deproteinization. 


It was therefore concluded that the thioester bond of the bound 


substrate is hydrolyzed when the enzyme-substrate complex is 
exposed to acid. 

It is well known that free CoA derivatives are very stable at 
pH 2, the pH value reached during deproteinization under the 
conditions used. In fact they are exposed to this pH during 
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their preparation (see “Methods”). The following control 
experiments confirmed this stability: 2 mg. of serum albumin 
were precipitated with HCIO, in the presence of 10 my moles of 
C, 9A myumoles of the CoA derivative were recovered in the 
supernatant fluid by enzymatic assay. No evidence was ob- 
tained that crotonyl CoA was hydrolyzed when serum albumin 
was precipitated in its presence. A sample of DG containing 
about 15 mymoles of prosthetic flavin was precipitated with 
HC10, in the presence of 4.3 mygmoles of C,. Enzymatic assay 
for C; in the malic and condensing enyzme system (19) showed 
that no C; had been hydrolyzed. Under these conditions the 
same quantity of C, is not recovered intact. 

It is evident from these experiments that the observed hy- 
drolvsis is a specific characteristic of the bound substrate. 

Mode of Enzyme-Substrate Binding—Finer details of the mode 
of substrate binding must obviously await further characteriza- 
tion of the proteins. At the present time only a crude picture 
can be arrived at from the information available. The first 
question to be answered is whether the substrate is bound as the 
intact molecule or whether only the acyl residue is bound with 
release of CoA and formation of an acyl enzyme. At first sight 
the possibility of acyl enzyme formation may appear unlikely as 
it is known that intact acyl derivatives of CoA enter into the 
fatty acid evele and emerge again as intact thioesters. However, 
it could be visualized that an acyl enzyme is formed during 
enzyme substrate combination and that the bound acyl residue 
may then exchange with CoA-bound acyl residues in solution, 
so that only that percentage of the substrate which happens to 
be bound at the enzyme is without the CoA moiety. This 


substrates labeled in both moieties made it possible to decide 
between the two alternatives. When a sample of Y’ was in- 
cubated with C-labeled C,, 0.57 mymole of substrate was 
bound per mumole of enzyme-bound flavin. When the same 
experiment was carried out with P®-labeled C,, radioactivity 
corresponding to 0.69 mymole of substrate adhered to the 
enzyme. The agreement between these values is considered 
«atisfactory as the experiments with the P®-labeled substrate 
were carried out on a very small scale and were consequently 
less precise than those with the C-labeled substrates. A sample 
of Y bound 0.60 mymole of C, (P*™) per mumole of flavin. The 
ratio of substrate bound per flavin is generally in the range of 
0.4 to 0.5 with this enzyme, as determined with C-labeled C, 
(Table I). It may therefore be concluded tli? both moieties of 
the substrate are bound in the enayme-substrate complex. 

As will be discussed below, a rapid exchange of the enayme- 
bound substrate with substrate in solution can be demonstrated. 
Since it had been observed that the substrate is not released 
intact from the protein on acidification of the complex but is 
recovered in the form of its products of hydrolysis, the possibility 
was suggested that the two moieties of the substrate may be 
bound at different sites as separate units. The question arose 
therefore whether CoA and acyl moieties may exchange in- 
dependently so that the moieties of different molecules may be 
randomized during the exchange of substrate on the enzyme 
surface. 

This question could be answered if the exchange of P®-labeled 
CoA between different acyl residues could be determined. For 
such an experiment two CoA derivatives had to be chosen, the 
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acyl moieties of which have a similar affinity for one of the 
enzymes, so that the conditions for a possible exchange at the 
enzyme were favorable. Furthermore, a clean separation of the 
two CoA derivatives had to be accomplished. 

The pair Cs, Cys seemed suitable for these experiments. Both 
enzymes Y and Y’ could be used in this case, although Y’ is 
preferable. Ci. can be readily precipitated by acid and can thus 
be separated from acyl derivatives of shorter carbon chain. The 
separation of Ci from protein is, however, a difficult task and 
could only be accomplished by repeated ultracentrifugation in 

The experiment was carried out in three different ways (a) 
unlabeled Cis was bound to Y’ and was displaced by Cy (P™); 
(6) Cy (P™) was bound to Y’ and was displaced by unlabeled 
Cie; (©) Experiment (6) was repeated with Y. In no case was 
there any significant label incorporated into the separated Ci¢. 

In Experiment (6) 27 mygmoles of C, (P™) were displaced from 
Y’ (53 mygmoles FAD) by three successive additions of 1 mole 
of Cy (ee “Methods”). The distribution of radioactivity, 
originally bound to Y‘ in the form of C, (P™), was the following 
after the separation was completed: combined supernatant 
fluids, 89 per cent; enzyme protein, 9 per cent; and Cy, 2 per 
cent. With the overwhelming excess of Cy added, 
all the label should have been incorporated into Ci, had there 
been a randomization of moieties between C, and Cy. A 
similar result was obtained in Experiment (¢). 86 per cent of 
the originally bound C, was displaced from Y by a large excess 
of Cy. The separated Cy, contained 5 per cent of the total 
activity originally bound to the enzyme. 

Attempts were made to obtain a labeled hydroxamie acid by 
treating the enayme-substrate complex of Y’ and C, (C™) with 
hydroxylamine. Unlabeled octanohydroxamic acid was added 
as @ carrier. The chromatographically separated octanohy- 
droxamie acid was, however, unlabeled. Considerable label 
was found in the area of the free acid (solvent front) and also at 
the origin. At the origin there was a strong color reaction with 
ferric chloride. This may be taken as an indication that a 
labeled hydroxamic acid had remained at the origin. If this 
were true, the labeled octanoyl residue would probably be bound 
in « larger and more polar molecule which does not migrate in 
the benzene-formic acid system used. This observation is of 
great interest for a further study of the binding of the acyl 
derivatives of CoA to protein. 

Although the acyl derivatives of CoA appear to be bound as 
a whole to the protein and not by acyl enzyme formation, it is 
evident that in the bound state they do not show some of the 
characteristic properties of CoA derivatives such as the capacity 
for hydroxamate formation or acid stability. We do not know 
what kind of interaction of the protein with the CoA deriva- 
tives brings about these changes. We can only deduce from 
our knowledge of the specificity of the acyl dehydrogenases that 
there must be a specific binding site for the acyl residue and at 
least one for the CoA moiety. Although according to Lynen 
et al. (29), the Michaelis constants of crotonyl CoA and S- 
crotonyl-N-acetyl thicethylamine for the acyl dehydrogenase 
from sheep liver are identical, these authors report that the 
CoA derivative is dehydrogenated at a faster rate. It is also 
shown in the present work that S-crotonyl-N-acetyl thioethyl- 
amine is much less effective in displacing bound C, from DG. 
We may, therefore, conclude that both acyl and CoA moie- 
ties are specifically bound in such a way that the thioester 
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bond joining the two moieties loses some of its characteristic 
properties. A further condition, evident from this and pre- 
vious work (8, 9), is that the acyl derivative of CoA be bound in 
such a fashion as to “cover” the oxidoreduction system of the 
prosthetic FAD so that it becomes much less accessible even to 
small molecules like oxygen. With this in mind we find it the 
more amazing that the natural oxidant, ETF, is able to tap 
electrons from the acyl dehydrogenases by means of its own 
bound FAD, whereas the presence of ETF has no effect on the 
binding of substrate to the acyl dehydrogenase. 

Turnover of Enzyme-Bound Substrale—When either C- or 
P®-labeled substrates were bound to the enzymes and when 
unlabeled substrate was added thereafter, a release of label from 
the enzyme-substrate complex was observed. It could be 
demonstrated by chromatography that the released labeled 
material was mainly in the form of an acyl CoA. The chroma- 
saturated and unsaturated CoA derivatives of the same carbon 
chain length. The remainder of the label was found in free 
CoA (P®) or in the free acids (C"), but the percentage of label 
found in CoA and free acid did not exceed that found in these 
fragments in control experiments, when CoA derivatives were 
subjected to the concentration and chromatographic procedures 
which were applied in the actual experiments. 

It appears, therefore, that a dynamic exchange occurs of 
enzyme-bound substrate and substrate in solution. However, 
as will be elaborated in the subsequent section, this exchange is 
not governed by simple principles of dilution, because even with 
a large excess of a displacing substrate a substantial amount of 
the original substrate remains bound. It seems that not all of 
the bound substrate is involved in this exchange. 

The rates with which complex formation and exchange take 
place are of great interest for an assessment of the significance 
of the observed enzyme-substrate binding in the enzymatic 
reaction. It could be shown that binding of substrate to the 
protein and exchange of bound substrate with substrate in 
solution occur at a rate faster than the isolation of the complex 
is possible. Substrate is readily bound even when the enzyme 
is suspended in an 80 per cent saturated ammonium sulfate 
solution. A sample of Y was precipitated with ammonium 
sulfate, and the suspension was cooled to —10°. Cy, was added, 
with stirring, at a 3-fold excess over the enzyme-bound flavin, 
and the suspension was immediately sedimented in a high speed 
micro-centrifuge. A change in the color of the suspension was 
observed instantly on addition of the substrate. 1 minute 
thereafter the centrifuge had reached full speed (20,000 r.p.m.). 
Analysis showed that the sedimented protein had bound the 
usual amount of substrate (Table II, Experiments 15, 38, 39). 
A similar experiment was carried out on the displacement of 
labeled by unlabeled substrate (Table I], Experiments 34, 41, 
42). Again, displacement had occurred as fast as the protein 
could be sedimented. Control experiments showed that sub- 
strate when added to the packed, sedimented protein is not 
bound to a significant extent (Table II, Experiment 40). 

It should be emphasized that the acyl dehydrogenases have a 
relatively low turnover rate. A drop of the temperature from 
30 to 8° decreased the turnover rate of a sample of Y’ from 56 to 
7 moles of substrate per minute and per mole of flavin (8). It 
is therefore likely that the turnover rate at 0° to —10° would be 
of the order of the rate of substrate bineing or exchange ob- 
served above. 
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It was reported in previous publications that a broad absorp. 
tion band appears between 500 and 650 my when substrate is 
added to one of the acyl dehydrogenases (8). This band is 
thought to indicate semiquinone formation of the prosthetic 
flavin. It was also shown that on mixing of the reactants this 
band appears at a rate which is sufficiently rapid to justify the 
assumption that the indicated intermediate is a true inter. 
mediate in the over-all reaction catalyzed by these enzymes. 
There is no doubt that enzyme-substrate interaction must precede 
the formation of this intermediate, and it seems reasonable that 
the enzyme-substrate binding discussed in this paper represents 
the first phase of this interaction." The emergence of the 
typical absorption band may therefore be regarded as an indirect 
measure of enzyme-substrate binding. According to this 
measure, the rate of substrate binding is considerably faster 
than could ever be ascertained by the isolation techniques 

The enzyme-substrate complexes have the full catalytic 
activity of the original enzyme when they are assayed in the 
standard assay system (10) in the presence of ETF and an 
excess of oxidizable substrate. 
Stoichiometry of Enzyme-Substrate Binding—The molecular 
weights of the acyl dehydrogenases have as yet not been ac- 
curately determined. It is, therefore, not possible to relate the 
quantity of substrate bound to the molar concentration of the 
weights fall in the range of 140,000 to 200,000. 

Since the enzyme-bound flavin can be accurately determined, 
it appears more practical to relate the bound substrate to the 
amount of prosthetic flavin present. 

Binding ratios, in terms of moles of substrate bound per mole 
of enzyme-bound flavin, are shown in Tables I and II. The 
values were obtained on a variety of preparations of the three 
acyl dehydrogenases. The highest binding ratios were observed 
with those substrates for which the lowest Michaelis constants 
and the highest turnover rates had been observed in kinetic 
studies (28). We may consider for the moment only the values 
for these preferred substrates. The values range from 0.40 to 
0.77. 

The binding ratios are independent of the amount of substrate 
added, within a 20-fold range of substrate concentration. 
Higher substrate concentrations are not practical as some 
denaturation of the enzymes may occur and also for obvious 
reasons of economy and ease of separation. The fact that the 
amount of substrate bound does not depend on the amount of 
substrate added rules out the possibility that the enzymes as 
isolated already contain bound substrate. Displacement of 
such initially bound substrate should strongly depend on the 
quantity of displacing material added. 


* It will be shown in the accompanying paper (12) that the green 
form of butyryl dehydrogenase, although catalytically active, 
does not show the strong binding of substrate which is typical of 
the yellow acyl dehydrogenases. Thus the «trong binding of sub- 
strate is not a prerequisite for catalytic activity of the acyl de- 
hydrogenases. However, in view of the high affinity of these 
enzymes for their substrates, in view of the evidence that the sub- 
strates interact directly with the prosthetic flavin (8, 12) and con- 
sidering the rapid binding and exchange, one can hardly avoid the 
conclusion that with the yellow acyl dehydrogenases the strong 
complexes are formed under any circumstances and are inter- 
mediates of the enzymatic reaction 
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Although by the procedures used, the ratios of substrate 
bound per prosthetic flavin present are reproducible to within 
10 per cent and generally better, attempts at interpreting the 
meaning of these ratios meet with several difficulties. 

The acyl dehydrogenases as isolated by the available pro- 
cedures do not have a completely uniform and reproducible 
flavin content. It appears that some flavin may be lost during 
isolation so that not all enzyme molecules in a given prepara- 
tion necessarily have the same flavin content. It is likely from 
a comparison of flavin analyses and preliminary sedimentation 
studies (10-12) that optimally there are 2 moles of flavin per 
mole of enzyme. Preparations of G and DG have always the 
highest flavin content. Y’ takes an intermediate position, 
whereas Y is usually obtained in a form of relatively low flavin 
content. A considerable percentage of the enzyme molecules 
in such preparations may have only one prosthetic flavin. 
Oceasionally preparations of Y of high flavin content have been 
obtained, which proves that the low flavin content of Y is not 
an inherent property of this enzyme (10). 

There appears to be a striking correlation between flavin 
content and binding ratio of the three enzymes: the average 
flavin content of the enzyme ions used in these studies 
ranges from 0.26 (Y), and 0.40 (Y’) to 0.50 per cent (DG). 
The average binding ratios in the same order are about 0.46, 
0.60, and 0.70. Such a parallel trend may point to the pos- 
sibility that only those enzyme molecules bind substrate tightly 
which have two prosthetic flavins per molecule and that these 
molecules bind 1 mole of substrate per mole of flavin. The 
other possibility is that, theoretically, 1 mole of enzyme binds 
1 mole of substrate irrespective of the flavin content. In this 
case, however, one would expect an inverse trend if enayme 
molecules with only one prosthetic flavin could bind substrate 
as well as those with two prosthetic flavins, riz. the enzyme 
with the lowest flavin content should show the highest binding 
ratio. Experiments 65 and 66 of Table II do not appear to 
support either one of these alternatives. In these experiments 
a preparation of DG which had lost about 35 per cent of its 
original flavin content during ultracentrifugation, electro- 
phoresis, and the treatment preceding and following these 
operations was found to bind as much substrate per prosthetic 
flavin as fresh DG. 

It is of course possible that Y and DG differ in their theoretical 
binding ratio by a factor of 2, but this assumption would neither 
explain the situation with Y’ nor would it explain why no simple 
ratios were obtained. 

However, there are more possible explanations for the dis- 
parity of binding ratios. As the tables show, even substrates of 
lower affinity are bound to some extent such as C, by Y and C, 
at DG for instance. The meaning of the binding of these 
substrates is not clear. It might appear at first sight that 
these substrates of lower affinity are bound in a more dissociable 
complex and that at the arbitrarily chosen time of analysis a 
certain state of dissociation had been reached. However, this 
does not appear to be the case. The small amounts of these 
substrates are held very tenaciously by the enzymes. They 
are not released on prolonged dialysis and can only be partly 
dixplaced by substrates of higher affinity (Table I1). The 
conclusion may therefore be drawn that there is a certain num- 
ber of binding sites, which is less specific than the majority of 
sites, and that at these sites substrates of lower affinity are 
hound very tightly. Although it is not proved, it is likely that 
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these sites are the same ones at which those substrate molecules 
of high affinity are bound which do not undergo rapid exchange 
with substrate in solution. Whereas in some enzyme prepara- 
tions there appears to be a quantitative agreement between the 
number of the seemingly unspecific and the nonexchanging sites 
(Table II, Preparation I), a significant difference is found in 
other preparations (Table II, Preparations III, VII). Ac- 
cording to Experiments 35, 43, 44, 50, 59, and 60 of Table II, it 
is unlikely that C, is bound at extra sites, which cannot be 
utilized for binding of C,. 

The number of unspecific or nonexchanging sites may amount 
to almost 30 per cent of the total in some preparations. The 
non- or slowly exchanging sites can hardly be of any significance 
for the catalytic function of the enzyme, for which a rapid 
exchange of substrate and product is necessary. They may be 
regarded as “denatured.” There is no information as to whether 
or not these sites contain flavin. Unfortunately no procedure 
has been found so far by which the prosthetic flavin can be 
detached under preservation of an active apoenzyme. Thus it 
cannot be determined how binding of the substrate is related to 
the presence of bound flavin in the enzyme. A relationship is 
suggested by Experiments 65 and 66 of Table II. It is note- 
worthy in this context that the bound substrate is only released 
from the enzyme by those treatments which will also liberate 
the flavin, such as acidification, heating and urea treatment. 

In any event, the conclusion is inescapable that the binding 
sites in the enayme preparations studied are heterogeneous. A 
choice between a theoretical binding ratio of | mole of substrate 
per | mole of flavin or 1 mole of substrate per 2 moles of flavin 
therefore cannot be made. 

It may be pointed out that this kind of heterogeneity ma 
not be detectable by techniques other than those used here. it 


interest in this context that mere aging at room temperature 
did not change the capacity for binding or exchange (Table II, 
Experiments 23, 24, 45, 46, 47). However, procedures which 
led to a loss of bound flavin decreased the binding capacity 
correspondingly (Table I1, Experiments 65, 66). 
SUMMARY 

The three acyl dehydrogenases of pig liver form unusually 
stable complexes with their substrates (acyl derivatives of 
Coenzyme A). The complexes withstand prolonged dialysis, 
ammonium sulfate precipitation, ultracentrifugation, and treat- 
ment with Dowex 2 or charcoal. Only the treatment which 
liberates the prosthetic flavin also releases the substrate, such 
as exposure to acid, heat, or urea. Substrate is not released 
intact but in the form of its hydrolysis products, when the 
complexes are acidified. The acyl group of the substrate is not 
bound in the form of an acyl enzyme but rather the substrate 
molecule is bound as a whole. No hydroxamie acid derived 
from the bound substrate is formed on treatment of the com- 
plexes with hydroxylamine. 

The enzymes show a specificity in their complex formation 


dehydrogenases can be isolated in a more homogeneous state 
with respect to the more subtle properties studied here, or | 
whether this type of heterogencity is an unavoidable con- 
sequence of the relatively drastic methods which we have to 

to resort to in order to release these proteins from their original 
environment and of the handling which is involved in any 
procedure in vitro to which we subject these ezymes. It is of 


which is similar to that observed in their catalytic activity. 
The greater part of the bound substrate exchanges readily with 
substrate in solution. This exchange occurs even in an am- 
monium sulfate suspension of the enzymes and is too rapid to be 
measured. No randomization of CoA and acyl moieties occurs 
during this exchange. A small portion of the bound substrate 
exchanges slowly or not at all. This and related observations 
indicate a heterogeneity of binding sites. A definite theoretical 
binding ratio in terms of substrate bound per prosthetic flavin 
can therefore not be derived. The observed ratios range from 
about 0.4 to 0.5 for the acyl dehydrogenase (C.-C), 0.6 for the 
acyl dehydrogenase (C¢-C,«) to 0.7 for the yellow form of the 
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acyl dehydrogenase (C,-C,). Evidence for the mode of binding, 
the heterogeneity of binding sites, and for the participation of 
the isolated complexes in the over-all enzymatic reaction & 
discussed. 
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liver stand out because of their pronounced deep 
The enzyme from beef liver has been more thor- 
by Green e¢ al. (2) and by Mahler (3). It was 
showed 
these 


i 


authors 


the same specificity was obtained somewhat later as a by- 
in the isolation of the vellow acyl dehydrogenases from 
be analogous in its general properties to the known 
It had been observed by Green and Mi? in the early work 
with the beef enzyme that dithionite bleached this flavoprotein 
to an almost colorless leuko-form but that aeration thereafter 
did not restore the green but rather a yellow color. This strange 
observation was later confirmed by one of the present authors 
(H. B.) and formed the starting point of the work reported here. 
It could be shown that by dithionite and also by various other 
means, the green flavoprotein can be transformed into a cata- 
lytieally active yellow form which has a spectrum similar to that 


of copper when dialyzed against a metal-chelating agent before 
green color of these enzymes is still unknown, some information 
on its nature and its mode of action will be reported here. To 
the best of present knowledge, the material x not an impurity 
but some constituent grouping of the protein itself. In the 
state in which these proteins are olated, it forms a complex 
with the prosthetic flavin and blocks the site at which strong 
binding of substrate occurs. 
EXPERIMENTAL 


Materiale and Methode—The CoA derivatives used were 
prepared as described previously (7, 8, 9). Ovalbumin and 


* Permanent address: University of Utrecht, Laboratory for 
Physiological Chemistry, Voudellean 24a, Utrecht, The Nether- 
lands. 


' The nomenclature used for the enzymes of fatty acid metabo- 
lem is that reeommended in reference (1). 
* D. E. Green and 8. Mii, personal communication. 


B-lactoglobulin were several times recrystallized samples kindly 
donated by Dr. H. F. Deutsch. G* from pig liver was obtained 


as a by-product in the isolation of Y and Y’ (4). 


proteins are precipitated at low ethanol concentrations (1 to 2 
per cent), Y at about 10 to 20 per cent ethanol, and G is obtained 
hetween 20 and 30 per cent ethanol concentration. Further 
purification can be achieved by electrophoresis on starch col- 
umns as carried out for the pig liver enzymes. 

DG was prepared from G by prolonged exposure to dithionite 
at 2-4". In order to be able to use the minimal amount of 


to carry out the whole procedure in a cuvette for the spectro- 
photometer, so that the transformation could be followed by 
observation of the spectral changes. Any anacrobic cuvette is 
suitable which can be filled with nitrogen. Evacuation is not 
advisable because foaming may cause considerable losses. Often 
only small quantities of enzyme were subjected to the procedure. 
In this ease an open microeuvette was placed in a wide-mouthed 
bottle which was fitted with gas inlets and outlets leading through 
a rubber stopper. The bottle was gassed with nitrogen, and a 
beaker with alkaline pyrogallol was placed inside. Whenever 
the cuvette had to be removed from the anaerobic compartment 
for spectrophotometrie readings, a small amount of dithionite 
had to be added to the enzyme solution before returning it into 
the bottle. However, with a littl experience one can easily 
follow the transformation by eve. A strong dithionite solution 
was prepared and approximately neutralized as described pre- 
viously (10). 10 wl. of this solution were added to 0.2 mil. of 
enzyme solution. For larger volumes relatively less dithionite 


* The abbreviations ued are: Cy, Cy, and Cys, acyl derivatives 
of CoA of the corresponding number of carbons in the acyl residue; 
Y. yellow acyl dehydrogenase (Cy-Cy,) (4); vellow aeyl de- 
hydrogenase (Ce-Cys) (5); G. green acyl dehydrogenase (C.-C,); 
IMG, yellow form of G; ETF. electron-transferring flavoprotein 
(6) (all enzymes from pig liver unless otherwixe «pecified); Tris, 
tris (hydroxymethyl!) aminomethane buffer. 
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was v ¥ repeated ¢ ress on starch col- 
104, umns. Since G has the highest mobility of the three acyl de- 
hydrogenases, it can be readily separated from Y and can be 
12s obtained in very high purity. G from beef liver was prepared 
| Me lor the Droad absorption bean ween by procedures similar to those used for G from pig liver. For 
7 imparts the green color to the enzyme. the initial steps the original procedure of Green ef al. was used 
ally accepted, and, when a green enzyme (2). However, a zine-cthanol fractionation was substituted for 
the adsorption on zine hydroxide gel. This fractionation very 
+4, 
35 
enzyme Was Ke ang 
In conditions during the transformation. It was found practical 
ot other fa voproteims. owever, copper is not invetved im 
transformation. Moreover, it was found that neither the green 
enzyme of beef nor that of pig liver contains <ignificant amounts 
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is required, e.g. 30 wl. for 1 ml. The transformation of the pig 
liver enzyme is usually complete in 48 to 72 hours, whereas that 
of the beef enzyme requires only a few hours. The enzyme was 
generally kept in 0.05 to 0.1 « phosphate of pH 7.4. The buffer 
concentration should not be lower than this since the dithionite 
solution may otherwise change the pH. The protein concen- 
tration is immaterial. The presence of ammonium sulfate up to 
a saturation of about 20 to 30 per cent does not interfere so that 
dissolved ammonium sulfate precipitates may be used directly 
without prior dialysis. 

After completed transformation a pale yellow solution of 
reduced DG is obtained which is instantly oxidized on admission 
of air. DG was then dialyzed against Tris acetate or phosphate, 
pH 7.0 to 7.4, containing 0.005 « Versene (disodium salt of ethyl- 
enediaminetetraacetic acid, Dow Chemical Co.) in order to elim- 


paratus, model H. The buffers used were 0.05 u Tris acetate, 
pH 7.9, and 0.1 m sodium cacodylate, pH 6.5. 

The Spinco centrifuge, model E, was used for ultracentrifuge 
studies. Potassium phosphate, pH 7.4, (0.05 «) was employed 
as the buffer in these experiments. 

Spectra were recorded with a Beckman model DU spectro- 
photometer equipped with attachments for temperature control 
and spectrophotometry of small samples. Measurements were 
made at intervals of 10 my between 300 and 400 my and between 
500 and 600 my, at intervals of 2.5 or 5 my between 400 and 500 
my and in the vicinity of all peaks and troughs, and at intervals 
of 20 my between 600 and 800 my. 

Methods for the determination of substrate binding are de- 
scribed in the preceding paper (9). In view of the fact that C, 
is able to transform G into DG, binding to G was tested after 
the shortest incubation time possible. This time is determined 
by the speed with which the protein can be sedimented after 
addition of substrate. When binding to DG was studied, DG 
was either prepared as described above or C, was left in contact 
with G for 48 to 72 hours. 

Flavin and protein were determined as described previously 
(8). 

Copper was determined by micromodifications of the dithizone 
(11) and neocuproine (12) methods. Neocuproine (2,91i- 
methyl-1,10-phenanthroline hemihydrate, G. Frederick Smith 
Chemical Company) was the preferred reagent. In contrast to 
dithizone, neocuproine per se has no absorption, is very stable, 
and forms a colored complex which shows little pH dependence. 
Although the sensitivity of neocuproine as a reagent for copper 
is less than that of dithizone, the more recently developed highly 
sensitive bathocuproine compensates for this disadvantage (13). 
hydrogen peroxide before extraction and colorimetry. Since it 
is known that the presence of metal chelators like Versene may 
interfere with the extraction of copper by dithizone or neo- 
cuproine, special care was taken to carry the ashing process to 
completion. It was established in control experiments that 
copper added to the buffer which contained Versene was com- 
pletely recovered after ashing. All glassware used was carefully 


cleaned and stored. After the glassware was rinsed with warm 
nitric acid and distilled water (1:1), it was dried and rinsed 
again with a 0.01 per cent solution of dithizone in chloroform 
and finally with pure chloroform. Unless otherwise specified, 
all samples subjected to analysis were dialyzed against two 1 |. 
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batches of 0.05 « Tris acetate, pH 7.0 to 7.4, containing 0.005 
m Versene. The Tris used had been recrystallized twice from 
ethanol. 


Properties of Butyryl Dehydrogenase from Pig Liver 

The properties of G from pig liver have so far not been de 
scribed. Although those of the beef liver enzyme have bees 
previously reported on (2, 3), it will be evident from the present 
work that some of the interpretations of the findings given ia 
this previous work can no longer be upheld. 

Absorption Spectrum—G of pig liver, like the beef liver enzyme, 
is characterized by an unusual flavoprotein spectrum. Th 
flavin bands located with most flavoproteins between 360 and 
380 my and 445 and 465 my, respectively, are shifted consider. 
ably towards shorter wave lengths, riz. 357 to 358 and 425 to 4% 
my. The broad band, which is responsible for the green color 
of G, has its maximal absorption at 710 mga. With the purest 
preparations obtained the mtio of absorbances at 266:357: 
426:710 my has been 8.1:0.83:1.00:0.35. The purity of G 
with respect to contamination by colorless proteins ix readily 
judged by the value of the ratio of ng, wheres 
contamination by other flavoproteins or partial transformation 
into the vellow form i« evident from a high ratio of Eas. 
Exeue- With G of highest purity this ratio should be 2.9 to 3.0. 

The green color even of crude preparations from pig or beef 
liver is quite recognizable and becomes unmistakable after 
removal of hemoproteins by zinc gel or zinc-cthanol treatment. 
The green color is then concentrated as the purification of G 
proceeds and ix not separable from G by prolonged electro 
phoresis, pH 8.1, or by ultracentrifugation, pH 7.4. Although 
specific efforts were made in this direction there was no evidence 
at any time that a yellow flavoprotein of the specificity of G 
can be isolated from pig or beef liver by the mentioned proced- 
ures and by a variety of other standard methods of enzyme 
purification. There is therefore no support for the otherwie 
rather obvious assumption that the green color of G is due to 
some fortuitous impurity which happens to be associated with 
this enzyme. 

Flavin Content and Molecular Weight —The prosthetic flavin of 
G or DG is released on acidification. The flavin thus liberated 
is inseparable from authentic FAD when chromatographed in 
sodium phosphate or collidine-water (14). 

The flavin content of G is relatively high as compared to that 
of the other acyl dehydrogenases and amounts to 0.53 4 0.2 
per cent riboflavin. This would correspond to a minimal molee- 
ular weight of 71,000. 

Fig. 1 shows the results of an ultracentrifuge experiment on 4 
sample of G of 0.51 per cent riboflavin. The protein sedimented 
as a single boundary. The sedimentation coefficient calculated 
from this experiment for an initial protein concentration of 2.4 
mg. per ml. and corrected to water at 20° is em. = 8.78 + 0.1 
S. This coefficient is not different from that of the other acyl 
tion analagous to that reported previously (4) indicates a minimal 
molecular weight of 140,000 and a probable molecular weight 
of about 200,000. Until more definite data on the molecular 
weight become available, it cannot be decided whether native 
G has 2 or 3 molecules of flavin per molecule of enzyme. It 
appears possible, as has been discussed in the preceding paper 


(9), 
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ical ultracentrifuge, model E (temperature, 5.95"; rotor 
99,780 r.p.m.; buffer, 0.05 potassium phosphate, pHi 7.4; 
protein concentration 2.34 mg./ml.). The first picture was taken 
% minutes after full speed was reached, subsequent pictures at 
§ minute intervals. 


(9), that the preparations are not homogeneous with respect 
to flavin content of the protein. 


Copper Content of Butyryl Dehydrogenase 


When samples of DG, prepared by the procedure described 
above, became available, a comparison of the copper content of 
this enzyme form and G was of the greatest interest. Table | 
shows the results of copper analyses on the two enzyme forms 
and on a sample of G from beef liver. Included in the table are 
values for the catalytic activity of G and DG with three acceptor 
systems. As is evident from Table I, the catalytic activity of 
DG with all acceptors is somewhat higher than that of G. This 
applies to the particular conditions which were used and which 
were those of a convenient routine assay. In more extensive 
work in which proper account was taken of the variables of the 
complex assay system, according to Hauge (15), it was found 
that with indophenol as acceptor and C, as substrate the K, 
values for G and DG are practically identical, whereas the max- 
imal velocity for DG is twice that obtainable with G (30°, pH 
7.0). The substrate specificities of G and DG appear to be the 
same. 

It is obvious from the table that in no case does the copper 
content reach the level of 1 atom per mole of enzyme (140,000 to 


a factor of 36 down to a range which can no longer be considered 
significant. It is, therefore, obvious that the enzyme has the 
ability to bind copper so strongly that it cannot be dialyzed 
out unless « chelating agent is added. Our value for the copper 
content of the sample which was not dialyzed against Versene 
corresponds to 2 atoms of copper per 3 moles of flavin, whereas 
Mahler found 2 atoms of copper per | mole of flavin. However, 
it does not appear likely that any great significance attaches to 
these ratios. They may be determined by the conditions to 
which the enzyme had been exposed during preparation. In 
Table | values are reported for the specific activity of a Versene- 
dialyaed preparation of G with electron acceptors other than 
indophenol. These values are of the same magnitude and have 
the same ratio to the specific activity measured with indophenol 
as those obtained with undialyzed preparations of G. 

We conclude from the reported experiments, that the color 
of the enayme bears no relationship to its copper content (Table 
II) and that there is no obvious relationship of the copper conten 


Taste I 
Copper content of butyryl dehydrogenase from pig and beef liver 


Butyry! FAD proteim Ce protein 
| gm ome gm 
Green form, pig liver? | 10.8 0.58 
Yellow form, pig liver? 10.0 3.22 
Green form, beef liverf.......... 12.5 0.2% 


| 


Specific activity*® 
| Acceptor 
ETP. Phenazine- 
Cw FAD .indopheno! | | 
Substrate 
Ce Ces Ce Ce 
wns me. 
0.063 83.2 0.5 69 
0.32 65 27.0 
0.028 | | 


* Specific activity as defined previously (4). 
t Analysis carried out by neocuproine method. 
t Analysis carried out by dithizone method. 
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005 200,000 gm.). In both samples of G, that from pig liver and , 
that from beef liver, it is far below this value. DG contains ; 
compared to G may be surprising, but no significance can be | 
attributed to this finding as the DG assayed for copper in this 
experiment had been derived from the same sample of G which 
was shown to be practically void of copper in the same experi- 
ment. One may merely conclude that during dithionite treat- | 
ment of G new strong binding sites for copper are created which 
cannot be deprived of copper by Versene. Copper may be 
a bound in mercaptide linkage at groups made available by the 
action of dithionite or the sulfite derived therefrom. i 
The low copper content of G from beef liver is in striking , 
contrast to the data reported by Mahler (3). However, Mahler 
dialyzed his preparations against dilute Tris buffer or distilled 
water before analysis, whereas in the present work all samples 
were dialyzed against 0.05 u Tris acetate, pH 7.4, containing 
0.005 « Versene in order to eliminate contaminating metals. 
The two methods of dialysis were therefore compared, and the 
seen from this table that dialysis against Versene changes neither 
ee the spectral characteristics of G nor its catalytic activity with 
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Taste Il 
Dialysis of green butyryl dehydrogenase from pig liver against Versene 
| | Fam we Frm me 
Dialysis medium FAD, protein Cu*/ protein Cu FAD | — 
| cm. light path 
wmole gm. pmole gm moet me wail: 
0.05 m Tris acetate (pH 7.4)...... 14.9 9.76 0.66 22.5 0.418 0.124 
0.05 mu Tris acetate + 0.005 m Ver- 
on 14.9 0.27 0.018 22.5 0.412 0.128 
* Copper analyses by neocuproine method. = 
to the catalytic activity. There is no support for the assump- 
tion that the copper which is found in G under certain conditions or 


is an integral part of the enzyme. A discussion of these findings 
will be presented at the end of this paper. 


Spectral Changes on Transformation of Green into Yellow 
Butyryl Dehydrogenase 

Transformation of Dithionite—Neither G from beef nor from 
pig liver is instantly reduced by dithionite. The flavin absorp- 
tion band of the pig enzyme at 426 my is slowly reduced in the 
course of 2 days, whereas the corresponding band of the beef 
enzyme disappears within a few hours. Concomitantly the ab- 
sorption band between 600 and 850 my is eliminated. When the 
enzymes are reoxidized thereafter by shaking with air, a vellow 
color appears. The gradual reduction of G is shown in Fig. 2A. 
In Fig. 3 the spectra of the green and the vellow forms are com- 
pared. The samples of the vellow and the green form used in 
this experiment were derived from the same original preparation 
of G. Equal amounts of enzyme-bound flavin per unit volume 
were present in the cuvetts containing the two samples. The 


Fig. 2. A, Reduction of G by 0.025 m dithionite and B, by 10 u 
butyryl CoA. 400 wg. of G were dissolved in 0.200 ml. of 0.1 
phosphate, pH 7.4. Uppermost curve, original spectrum of oxi- 
dized G; lower curves, reduced by A, an excess of dithionite after 
0.5, 18, and 67 hours, in this order; B, by 10 butyryl CoA, after 
0.75, 5 and 42 hours, in this order. Corrected for the absorption of 


0.1 


Fic. 3. Spectra of green and yellow forms of butyryl dehydro 

genase. ———~, 202 ug. of G, dissolved in 0.200 ml. of 0.005 » 

phosphate, pH 7.4; - - - - - , 217 wg. of DG, dissolved in 0.150 mi. of 

the same buffer. The samples of G and of DG used in this experi- 
ment were derived from the same original lot of G. 


most striking difference between the two curves is the complete 
absence of the absorption band at the longer wave lengths in the 
case of the yellow form. In addition, however, there is a remark- 
able shift of the characteristic flavin bands which are found at 
about 360 and 430 my with the green forms of pig and beef liver 
butyryl dehydrogenases. This means that on transformation 
to the yellow form, there is not only a disappearance of the band 
with Amex 710 my, but the spectrum in the region between 300 
and 500 my also assumes an appearance more typical of that 
of flavoproteins. In addition, there is a change in the intensity 
of the absorption band of 360 my. In its general appearance 
the spectrum of the yellow form is almost identical with that 
of Y. Only the location of the peaks is slightly different, riz. 
370 and 447 my for Y and 360 to 365 and 445 my for DG. As 
indicated in Table I, the specificity of DG is that of G and not 
that of Y. The ratio of absorbances at the maxima at 270:445: 
360:710 my was found to be 7.2:1.00:0.79:0.03 for DG prep- 
arations of high purity. A comparison with the corresponding 
values for G, which were reported above, shows that the absorp- 
tion peak in the ultraviolet also shifts to longer wave lengths 
and diminishes in intensity relative to the main flavin peak in 
the visible range. 

Transformation by Butyryl CoA—The fact that dithionite 
was able to bring about the described transformation of G into 
DG made it likely that reduction of the flavins was a prerequisite 
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for this process. Asa slow and partial reduction of G is effected 
by butyryl CoA, it appeared possible that butyryl CoA, when 
given sufficient time, might also bring about the transformation. 
When butyryl CoA is added to G, the changes indicated in 
Fig. 2B are found. After 2 to 3 days a spectrum is observed 
which i indistinguishable from that obtained immediately when 
C, is added to DG. This spectrum shows the typical partial 
reduction of the main flavin bands and the new absorption band 
between 500 and 650 my which ix exhibited by all acyl dehy- 
drogenases on addition of substrate (7). As pointed out pre- 
viously, the acyl dehydrogenases are very stable in this partly 
reduced form as long as substrate or product is present (7, 8). 
However, in the course of ammonium sulfate precipitations 
and several days’ standing at 2° the prosthetic flavins become 
gradually reoxidiaed, although, as shown in the preceding paper 
(9), substrate or product ix still bound. When G, previously 
reduced by Cy, is reoxidiaed in thie fashion, a yellow enzyme is 
obtained which has a spectrum similar to but not identical with 
that of DG produced by dithionite. The flavin peaks are shifted 
to still longer wave lengths from 365 and 445 my to 373 and 450 
my, respectively, and a definite shoulder appears between 470 
and 490 my. 

It was shown in the preceding paper (9) that substrate, once 
added to an acyl dehydrogenase, is not released under conditions 
which leave the protein undamaged. It is, therefore, obvious 
that on transformation of G into DG by means of Cy. not DG 
but a DG-rotony! CoA complex will be obtained. That the 
presence of such a complex was indeed the explanation for the 
difference in the spectrum of DG produced by dithionite and that 
of DG produced by C, was shown in the experiment illustrated 
in Fig. 4. In thie experiment crotony! CoA was added to a 
sample of DG which had been prepared by dithionite reduction. 
The typical band shifts, as deseribed above, and the shoulder 
between 470 and 490 my appeared immediately. These spectral 
changes form independent proof of a strong complex between 
oxidized enzyme and product, which had been postulated pre- 
viously from kinetic studies (15) and which was also shown in 
the preceding paper (9). Neither butyry! CoA (2 x 10°* m) 
nor erotony! CoA (2.5 x= 10°* w) show any influence on the 
spectrum of free FAD. The observed effect on the spectrum of 
enzyme-bound FAD demonstrates that crotony! CoA when 
bound to the enzyme interacts directly with the prosthetic 
flavin. 

As substrate is able to transform G into DG in a single evele 
of reduction and reoxidation, the question arose whether during 
catalytic turnover G was transformed into DG immediately so 
that DG was in fact the only active form of the enzyme. This 
appeared, however, unlikely as the catalytic turnover in the 
over-all system proceeds at a rate about 10° times faster than 
the transformation with substrate as shown above (Fig. 2B). 
In order to decide the question, the identity of the enzyme had 
to be established after catalytic turnover. Reisolation of the 
enzyme after catalytic action did not appear feasible as it ix 
known (9) that substrate or product cannot be separated from 
the enzyme so that slow transformation by substrate could 
occur during isolation. Absorbance changes were therefore 
observed in a solution of G which was dehydrogenating C, in 
the presence of ETF and ferricyanide at 4°. Light absorption 


at 700 mp was used as a measure of the green color, reduction 
of ferricyanide was measured at 410 my, while the oxidation 
level of the flavoproteins was estimated from the absorption at 
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Fie. 4. Spectra of yellow form of butyryl! dehydrogenase in the 
absence and in the presence of crotony! CoA. 115 4g. of DG were 
dissolved in 0.140 ml. of 0.1 « phosphate, pH 74. ——, spectrum 
of original sample; - - - - - . *peetrum of the same sample in the 
presence of 7 X 10°* « croteny! CoA. Corrected for the absorp- 
tion of crotony!l CoA. 


440 my after proper correction for the contribution of ferrieya- 
nile. The experiment showed that the absorption at 700 my 
actually increased somewhat on addition of C, (5 moles of C, per 
mole of prosthetic flavin of G) to the solution containing G, 
ETF and a slight excess of ferrievanide. This increase is due to 
a small contribution at that wave length of the semiquinoid 
intermediate formed. As dehydrogenation of C, proceeded in 
the presence of excess ferrievanide, the absorbance at 700 my 
returned to its original level. The drop of absorbance at 410 
my indicated that a total of about 10 electrons had been trans- 
ferred per flavin of G when the substrate was exhausted. No 
significant drop of the absorption at 700 my was observed even 
nide after dehydrogenation of C, A complete spectrum 
Awee 710 mp. The intermediate, which interfered somewhat 
with exact absorbance measurements at 700 my during active 
turnover, is of course no longer present after reoxidation by 
ETF and ferrievanide. After 30 minutes a slow decrease of the 
absorption at 700 my was noticeable which i in agreement with 
the observations discussed above in this section and with those 
which will be presented in the t one. 

Transformation by Crotonyl CoA—It was shown in the pre- 
ceding paper (9) that with the acy! dehydrogenases there is a 
dynamic exchange of enzyme-bound substrate (or product) and 
substrate (or product) in solution. It appeared therefore possible 
that C, effected the transformation of G into DG, not by its 
ability to reduce G but by its ability to displace other substances 
from the substrate-binding site of G. In order to discriminate 
between the contribution of a reduction and that of a displace- 
ment in the transforming action of C,, the effect of crotonyl CoA 
on G was studied. This type of experiment is illustrated in 
Fig. 5. Within 46 hours crotony! CoA transformed G into the 
same form of DG which had been observed after incubation 
with C, and reoxidation of the prosthetic flavins. Thus the 
experiment of Fig. 5 provides additional evidence that the 
spectrum of DG obtained after interaction of G with C, can be 
aseribed to a DG-crotonyl CoA complex. 
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On the basis of this experiment we may conclude that whatever binding as described in the preceding paper (9). Before these 
substance or group is responsible for the green color of G, it experiments are discussed, further spectrophotometric observa- 
presumably occupies the substrate-binding site on the enzyme. tions on the transformation of G into DG will be reported. 

In this position it is able to interact with the flavin, as indicated Transformation by Proteins and Urea— After it had been shown 
by its strong influence on the spectrum. We have shown above that dithionite as well as C, and crotonyl CoA were able to 
that crotonyl CoA, the product, when bound to DG is also able _ bring about the transformation, it became necessary to examine 
to distort the flavin spectrum, although in a different manner, the specificity of this effect. The data which were collected 
as does the unknown material. The material responsible for concerning this point are summarized in Table III. It is evident 
the green color can be displaced by substances like substrate that CoA derivatives of a carbon chain different from C, are 
or product, which have a high affinity for the binding site. less effective than the 4-carbon compounds. Free CoA and Cy, 
This hypothesis can be tested by determinations of substrate are ineffective, whereas crotonyl thioethylamine at a relatively 
high concentration brings about the transformation rather 
rapidly. It is noteworthy that a slow but definite spontaneous 


SPECTRUM OF transformation takes place on prolonged standing in the absence 
BUTYRYL DEHYDROGENASE of any added substance. It should be pointed out that in all 
0.600r / cases in which a significant decrease of the absorption at 710 mg 
{if \ GREEN FORM, was observed there was a concomitant shift of the flavin peaks 4 
/ ~ // \ ORIGINAL ----—~— towards longer wave lengths, as is typical for the transformation 
of G into DG (Fig. 3). 
0400+ ' Since it must be assumed that the flavin of ETF, the natural . 
\ electron acceptor for the acyl dehydrogenases, approached the : 
: \ \ flavin of G closely in space, it appeared possible that this protein , 
GREEN FORM+ GREEN FORM+ might also displace the material causing the green color of G. 
0.200 CROTONYL CoA | o— This was indeed found to be the case, when preparation of ETF | © 
—about 10 per cent pure—was added to G at such a level that 
equal amounts of flavin of both proteins were present. However, 
Del surprisingly, other proteins which have no obvious relationship = 
; ‘ | to G were able to accomplish the same spectral change when 
300 400 500 600 700 800 added at the same concentration (Table 111). Most effective i 
among these proteins was §-lactoglobulin. of 
Fic. 5. Transformation of G into DG by crotonyl CoA. 530 indicated 
ug. of G were dissolved in 0.200 ml. of 0.05 « phosphate, pH 7.0. *Peificeffect shown by compounds of low molecular weight which J” 
Spowe , spectrum of original sample of G; ----, 3 hours after *e Telated to the substrate there appeared to be a rather un- 
addition of crotonyl CoA (final concentration 5 X 10-* a); ——, 8Pecifie action of proteins on G. The matter was not further | ° 
46 hours after addition of crotonyl CoA. Corrected for the ab- pursued as a large number of substances would have to be tested | 5 
sorption of crotonyl CoA. at different concentrations if an attempt were to be made to th 
tir 
Taste LI 
Transformation of green into yellow butyryl dehydrogenase by various agents su 
Substance added 
Incubation at 2-4" Ene moe remaining Incubation at 2-4" Ene me remaining 
Name Final concentration In 
% | 
7 days 92 17 days 80 
Dithionite................. 0.02 u 16 hours 45 | 2 days 8 
6 X 10-* 16 hours 43 hours 15° 
5 X 3 hours 64 2 days 6 
3X 10 4 days 60 7 days 56 
3X 4 days 79 7 days 79 
5 X 10-* 4 days 100 | 11 days 104 
5 X 10° 4 days 100 1] days 96 
S-crotonyl-N-acetyl thio- 
ethylamine.............. 0.012 u 1 day 8 
ETF (~10% pure)......... 5O mg./ml. 3 days 82 10 days 57 
Bovine serum albumin..... 50 mg./ml 7 days 74 22 days 49 
p-Lactoglobulin............ 50 mg./ml. 5 days 59 13 days a7 
Ovalbumin................ 5O mg./ml. 7 days 98 13 days 7 cc 
7.5m 1 hours 70 19 hours 30f 
* The relatively high final value is due to the absorption of the intermediate (A,.,. 570 my) which is formed on addition of C, to G or * 
DG. G 


t The experiment was terminated before complete transformation in order to prevent complete denaturation of the enzyme. ) 
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define more closely the kind of structure required for the “non- 
ifie” transforming action. 

The fact that the transformation of G into DG could be 
brought about by protein-protein interaction suggested the 
ux of urea, which is known to change the tertiary structure of 
proteins drastically. As shown in Table III the transformation 
proceeded rather rapidly in 7.5 ™ urea. That the enzyme was 
not completely denatured by urea treatment for 19 hours was 
evident from the fact that after dialysis the flavin was still 
reducible by substrate, and catalytic activity in the over-all 
system had remained. As pointed out in the preceding paper 
(9), prolonged treatment with urea will release the flavin slowly 
and will thus inactivate the enzyme. 


The Binding of Substrate by Butyryl Dehydrogenase 


It was shown in the preceding paper (9) that the acy! dehy- 
drogenases have the ability to bind a certain quantity of their 
substrates so tightly that no dissociation of the formed complexes 
is measurable. If the binding site for substrate is occupied in G 
by some other group or substance as suggested above, one would 
expect that G might bind less substrate than DG. This could 
indeed be demonstrated by the techniques described in the pre- 
ceding paper. The experiments summarized in Table [V show 
that increasingly more substrate is bound as the transformation 
of G into DG progresses. Although the over-all trend of increase 
in substrate binding and decrease of absorption at 710 my 
agrees, the two processes do not seem to go strictly parallel. 
The high initial binding ratio obtained 5 to 10 minutes after 
addition of substrate is surprising as there ix no observable 
effect on the spectrum (see Fig. 2B) at this time. It should be 
pointed out here that these experiments were done before it was 
known that even the ammonium sulfate-precipitated suspension 
of the enzyme binds substrate immediately. Thus the time of 
5 to 10 minutes may not be correct, as it merely indicates that 
the enzyme was precipitated with ammonium sulfate at that 
time. Lower initial values were obtained in more recent experi- 
ments. In Experiment 76 of Table V only 12 per cent of the 
substrate which was bound after complete transformation 


Taste IV 
Increase of substrate-binding capacity during transformation of the 
green into the yellow form of butyryl dehydrogenase* 


Experiment Ensyme |Preparation | Motes ratio of Ce bow me 

5 22) % 

67 G XI 100 

6S G XI 51 

69 G XI 1st 

70 G XI 100 

71 G XI 42 

72 G XI 15t 

73 DG XI 

74 DG VI 

75 DG VI | 


* For additional data see Experiments 76 and 80 of Table V. 

t The relatively high final value is due to the absorption of the 
intermediate (Ausx 570 mg) which is formed on addition of C, to 
G or DG. 

DG prepared from Preparation XI of G. 
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Tasts V 
Specificity and turnover of bound substrate with the green and the 
yellow form of butyryl dehydrogenase*® 

| Excess of | Molar ratio 

4 Easyme -~ ¥ substrate bound per 
over flavin flavin 
76 Gt XI C.t 0.09 
77 G XI Cit Cy 25 0. 027 
78 G | XI Cat 0.01 
79 G XI Cyt Cy 25 0. 005 
sO XI 0.81 
81 DG XI Cyt Cy 15 0.20 


* For additional data see Table I, Experiments 25 to 31 and 
Table II, Experiments 56 to 64 in reference (9). 

? Substrate was added to a suspension of G in 80 per cent satu- 
rated ammonium sulfate solution. The protein was sedimented 
immediately thereafter. For details see reference (9). 

3 Substrate bearing the C** label. 

§ Substrate was incubated with G for 72 hours. G is thereby 
transformed into DG. 


(Experiment 80) was bound after | to 2 minutes’ contact of 
suspended G with Cy 

Evidence was presented in the preceding paper that the sub- 
strate-binding sites in preparations of the acyl dehydrogenases 
are not homogeneous. Sites which permitted a rapid exchange 
between bound substrate and substrate in solution could be 
differentiated from sites at which the substrate appeared to be 
bound irreversibly. Sites which lacked the specificity for the 
chain length of the acyl residue of the substrate were also de- 
tected. It was not clear whether these latter sites were identical 
with the nonexchanging sites. It appeared, therefore, of inter- 
est to see whether the small amount of substrate initially bound 
to G showed a preference for one of these types of binding sites. 
Data on the specificity of binding and on the exchange of bound 
substrate are presented in Table V. It is apparent that the 
binding sites available in G after | to 2 minutes’ interaction of 
substrate and enzyme show the same heterogeneity as the bind- 
ing sites in DG or in the other acyl dehydrogenases. The sub- 
strate initially bound to G is therefore not bound preferentially 
to any one type of sites. 


Separation of Green from ) ellow Form of Butyryl Dehydrogenase 
Attempts to separate the two forms of butyryl dehydrogenase 
were so far unsuccessful. A mixture of equal amounts of G and 
DG of the same origin was inseparable in the analytical ultra- 
centrifuge. Similarly, no indication was obtained that G and 
DG separated during free boundary electrophoresis in 0.05 u 
Tris acetate at pH 7.9 or 0.1 « cacodylate, pH 6.5. Samples of 
G and DG also had the same mobility in paper electrophoresis 
in Tris acetate of pH 8.1 and 8.5. It appears, therefore, that 
the transformation of G into DG involves only minor changes, 
if any, in molecular weight, shape, or net charge. 


The work presented here has shown that G from pig or beef 
liver does not contain significant amounts of copper when 
dialyzed against Versene before analysis. Versene dialysis 
leaves the spectrum and the catalytic activity unchanged. On 
the other hand, the spectrum can be drastically changed by a 
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variety of means so that a yellow flavoprotein is obtained which 
is somewhat more active than the original green enzyme. A 
correlation between the intensity of the absorption band at 600 
to $50 my and the copper content of the enzyme or its activity 
therefore does not exist. 

It had previously been suggested by Mahler (3) that the green 
color of G from beef liver was due to the presence of copper in 
this enzyme. This suggestion was based on the following find- 
ings: (a) Copper was detected in the enzyme by various analyt- 
ical methods after dialysis against dilute Tris buffer; (b) the 
intensity of the broad absorption band between 600 and 850 my 
was decreased after addition of butyryl CoA; and (c) the same 
absorption band was flattened out after 36 hours’ dialysis against 
5 xX 10°* m cyanide with the concomitant disappearance of the 
strong green color. The copper content of the cyanide-treated 
enzyme was not determined,‘ but cyanide was considered to be a 
specific chelator for heavy metals (3, 16, 17). 

It should be emphasized that the findings of Mahler reported 
under (a) and (6) are in complete agreement with our own. 
The third point, transformation of G into DG by cyanide, could 
never be reproduced by us with either G from beef or from pig 
liver. However, similar difficulties were experienced by Mahler 
in reproducing this effect consistently. An explanation for this 
finding may be provided on the basis of the experiments reported 
above (Table III). It was shown there that G from pig liver is 
very slowly transformed on standing in pure solution and some- 
what faster in the presence of other proteins. It was also found 
that G from beef liver is transformed into DG about 10 times 
faster than the pig liver enzyme. It would seem _ possible, 
therefore, that certain samples of G from beef liver which were 
not of the highest purity could have undergone transformation 
within the 36 hours of cyanide dialysis, protein contaminants 
being mainly responsible for this effect. 

Thus, our findings are in agreement with or provide an ex- 
planation for those limited observations which originally formed 
the basis for the postulate that copper was an integral part of G. 
This postulate can now no longer be upheld in view of the more 
extensive work reported in this paper. The most convincing 
argument is of course the fact that copper can be removed from 
G down to a level of about 1 atom of copper per 50 molecules of 
enzyme-bound flavin without any effect on spectrum or activity. 
It cannot be excluded that the copper which is removed by 
Versene may be a constituent of G, the function of which is 
unknown and may not be apparent in the enzymatic tests used 
by us. However, until evidence on this point is brought forth, 
it does not appear profitable to pursue such a possibility further. 
Singer and Massey (18) have explained in a plausible way various 
observations of Mahler which originally appeared to provide 
indirect evidence for the presence or function of copper in G, 
such as differences in activity towards one and two electron 
acceptors and stimulatory effects of copper ions. These argu- 
ments will not, therefore, be entered into here. Suffice it to 
recall that pure G has been shown to be inactive with electron 
acceptors such as cytochrome c or indophenol and that an addi- 
tional flavoprotein is necessary for electron transport between 
G and these acceptors (6). In view of this, previous experiments 
and conclusions based on apparent direct interactions between 
G and these acceptors can hardly be properly evaluated. 

The material responsible for the green color of G is still un- 
known. It has been invariably associated at an almost constant 


*H. R. Mahler, personal communication. 
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level with any preparation of G so far isolated from beef or pig 
liver by various methods. No yellow enzyme of the same speci- 
ficity has ever been detected in preparations from these sources. 
It is unlikely, therefore, that we are dealing with a fortuitous 
impurity. The experiments reported in this paper give some 
clues as to the locus of action and the nature of the material 
involved. The spectral changes and band shifts observed on 
transformation of G to DG (Fig. 3) show that the unknown ma- 
my) but also interacts strongly with the flavin of G. While 
these observations point to its location in the vicinity of the 
prosthetic flavin, the experiments on the displacement of the 
unknown material by substrate or product and on its inter- 
ference with substrate binding show that the material actually 
occupies or blocks the site where substrate is strongly bound. 
The fact that the material can be displaced from this site by 
other proteins in relatively high concentration makes it likely 
that the subtle protein structure is involved in the transforma- 
tion of G into DG. This idea is supported by the fact that com- 
plete unfolding of the protein by urea leads to a rapid transforma- 
tion of G into DG which after several hours’ exposure can be 
recovered in largely undenatured state. Experiments in the 
ultracentrifuge showed that no material of a molecular weight 
higher than about 10,000 is released on transformation of G into 
DG, and there is no evidence from electrophoretic studies in the 
range between pH 6.5 and 8.5 that more than a minor change of 
the net charge of the protein is involved. 

All this evidence taken together points to the possibility that a 
grouping of the enzyme itself interacts with the prosthetic flavin 
and blocks the substrate-binding site. On transformation of G 
into DG by one of the various procedures mentioned the group- 
ing responsible for the green color reorients itself so that flavin 
and substrate-binding site are freed. This process appears to be 
irreversible as the conversion of the yellow form into the green 
form has never been observed. 

The fact that the green form binds only very little substrate 
as compared to the yellow form (Table V) and the pronounced 
difference in the location of the flavin bands of G and DG make 
it very unlikely that G as isolated is a mixture of G and DG or, 
what would be equivalent to this, that only one of the two or 
three prosthetic flavins of the enzyme is involved in the complex 
formation. 

There are several questions concerning the two forms of bu- 
tyryl dehydrogenase which have to remain open until further 
information becomes available. It was shown above that ac- 
cording to criteria of flavin spectroscopy the flavin of G is only 
very slowly reduced by either substrate or dithionite. Yet, 
rapid oxidoreduction of the prosthetic flavins is the basis for 
catalytic activity. How is it then possible that G displays at 
least 5O per cent of the catalytic activity of the readily reducible 


* It should be pointed out that with the acyl dehydrogenases 
we have to differentiate between the very strong binding of sub- 
strate which is characteristic for the yellow forms of these enzymes 
(9) and the binding of substrate in a readily dissociable Michaelis- 
Menten complex such as is necessary for any catalytic function. 
That the green form must be able to bind substrate in a complex 
of the latter kind is obvious from its almost undiminished catalytic 
activity. It is not certain whether the sites for both types of 
binding are identical although evidence presented in the preceding 
paper would suggest this. “Blocking of the substrate binding 


site’ in the context of the present discussion refers only to the 
site or type of strong binding. 
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DG? One might think that G is transformed to DG on its first 
catalytic turnover with substrate. However, the transformation 
effected by substrate is a slow process, and it could indeed be 
directly demonstrated that G actually retains its green color 
after several turnovers in the presence of substrate, ETF, and 
ferricyanide. The catalytic activity of the green form, G, is 
entirely in the range of those of the other acyl dehydrogenases, 
and there is no reason to assume that the green form is not the 
active natural form of the enzyme within the mitochondria. 

It is true that substrate is not bound as tightly to G as it is to 
DG (cf. Table V). But this extremely strong binding of sub- 
strate, which was found to occur with DG, Y, and Y’, does not 
appear to be a prerequisite for the catalytic activity of these en- 
zymes. Hauge (15) has found that K, for the couple G-C, in the 
over-all reaction with ETF and indophenol or with phenazine 
methosulfate as acceptors is about 2 x 10°* and does not dif- 
fer significantly from the K, values for the couples Y-Cs, Y-Cis 
or Y’-Cie.* A K, value of this magnitude by no means requires 
that the dissociation constant of the substrate be as low as it 
appears to be with DG, Y and Y’, namely <10-" as estimated 
from the experiments reported in the preceding paper (9). A 
much higher dissociation constant which would permit ready 
dissociation of substrate on precipitation and prolonged di- 
alysis (cf. Table V, Experiment 76) is entirely compatible with a 
K, of 10°* 

While the present work was in progress, a paper appeared by 
Rutter and Rolander (19) in which they deseribe the reversible 
transformation of the old yellow enzyme into a green-colored 
protein by treatment with ammoniacal ammonium sulfate, pH 
10 to 10.5. The spectra presented by these authors for the 
green and yellow forms show a striking resemblance to those of 
Gand DG. The shape and relative intensity of the band in the 
700 my region is similar, and the flavin bands in the 350 to 470 
mg region also show a shift towards shorter wave lengths in the 
green form. Under conditions similar to those used by Rutter 
and Rolander the yellow form of butyryl<dehydrogenase is not 
converted back to the green form. 

Cases in which one and the same enzyme is obtained in dif- 
ferent forms are reported with increasing frequency in the litera- 
ture as methods of separation and analysis progress. The ques- 
tion of the actual state in nature of these proteins becomes, 
therefore, more and more urgent. 
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Some properties of the green flavoprotein butyryl dehydro- 
genase from pig liver are described. The enzyme as obtained by 
routine isolation procedures from beef or pig liver contains a 
small quantity of copper which can be almost completely re- 
moved by dialysis against Versene. The spectrum and activity 
of the enzyme remain unchanged during this treatment. It is 
concluded that copper is not a constituent of the green butyryl 
dehydrogenase. However, different classes of substances such as 
reducing agents, Coenzyme A derivatives and analogues related 
to the substrate, proteins, and urea can transform the green 
enzyme into a yellow form which has a spectrum very similar to 
that of the other acyl dehydrogenases. With three different 
acceptors this yellow form is somewhat more active catalytically 
than the green form. The transformation of the green into the 
yellow form takes several hours to several days. Copper is not 
involved in this process. The material responsible for the green 
color, which appears to be displaced by the mentioned agents, is 
unknown. A strong band shift in the flavin spectrum shows 
that it forms a complex with the prosthetic flavin. It occupies 
or blocks the binding site of the substrate. This is evident from 
the fact that the green form is not able to bind substrate as 
tightly as does the yellow form. No change of molecular weight 
or net charge appears to be involved in the transformation. It 
is suggested that in the green form a constituent group of the 
protein itself is complexed to the flavin which is irreversibly 
reoriented during the transformation. 

The new findings are discussed and confronted with earlier 
views on the meaning of the green color of butyryl dehydro- 
genase. 
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Among the more commonly recognized constituents of nat- 
urally occurring phospholipides are phosphatidyl ethanolamine 
and phosphatidyl serine. The most feasible analytical pro- 
cedures for these components have been based on the determina- 
tion of ethanolamine and serine in a hydrolysate of the lipide. 
In general, assays for serine and ethanolamine have consisted of 
three main steps: (a) hydrolysis of the lipide, (6) separation of 
serine and ethanolamine or their derivatives, and (c) quantitative 
estimation of the serine and ethanolamine or their derivatives. 
An exception is the method of Burmaster (1) in which ethanol- 
amine is determined as the difference in ammonia freed by 
periodate oxidation and carbon dioxide freed by ninhydrin 
oxidation. 

In a consideration of the hydrolytic release of these amino 
compounds from the intact lipide, basic hydrolysis, except as 
outlined by Axelrod ef al. (2) and more recently Nojima and 
Utsugi (3), has not been in extensive use due to the well known 
instability of serine and ethanolamine under these conditions. 
Moreover, the difficulty of removing the base or, after neutraliza- 
tion, its salt from the hydrolysate has posed a problem. Al- 
though these two amine compounds are not completely stable to 
acid hydrolysis, this approach, especially with ease of removal 
of an acid such as HCl, has been the method of choice. 

Paper chromatography (4, 5), fractionation on ion exchangers 
such as Permutit (6, 7) or Zeo-Karb (8), and solvent fractiona- 
tion of the DNP' derivatives (2, 3) have been used for the 
separation of the serine and ethanolamine in hydrolysates. 
Subsequently, quantitative estimation has been performed 
through colorimetric assay (4, 7) and by direct photometry (5) 
after paper chromatography (5), by titrimetric assay of am- 
monia released by periodate oxidation of the bases after separa- 
tion on ion exchangers (6), and by spectrophotometric assay of 
the DNP derivatives (2, 3). Other methods of analysis have 

employed fractional distillation of ethanolamine (9) and deter- 
mination of amino acid nitrogen as a measure of serine (10). 

In the course of an investigation of the fractionation of phos- 
pholipides, it became apparent that many of the available 
methods for serine and ethanolamine were for one reason or 
another, cited below, unsatisfactory. In a reinvestigation of 
this problem, the stability of serine and ethanolamine under 
varying conditions of hydrolysis, and the hydrolysis products 
from a phosphatidyl ethanolamine-phosphatidy! serine fraction 


* This investigation was supported by grants from the Ameri- 
can Cancer Society and the National Science Foundation. 

1The abbreviations used are: DNP, dinitrophenyl; DNFB, 
dinitroflourobenzene. 


have been studied. An improved method for the separation of 
serine and estimation of serine and ethanolamine, based in part 
on Artom’s (6) use of periodate oxidation and in addition, ion 
exchangers, is presented. 


EXPERIMENTAL 
Methods and Materials 


Phosphatidyl ethanolamine-phosphatidy! serine fractions from 
beef and rat liver and baker’s yeast were obtained by fractiona- 
tion of phospholipide preparations on silicic acid (11). Upon 
analysis, these samples were found to be very close in composi- 
tion to those previously reported and possessed the following 
general characteristics: N-P, molar ratios, 0.98:1.02; fatty 
acid-P, molar ratios, 1.97:2.02. These samples contained no 
choline, inositol, sphingosine, sugar, or plasmalogen. The 
details of these analyses are published elsewhere (11). 

O-Phosphoethanolamine, O-phosphoserine, and L-serine were 
obtained from the California Foundation for Biochemical 
Research and gave only one ninhydrin-reactive spot on paper 
chromatography (12). Ethanolamine, an Eastman Product, 
was distilled and the fraction boiling at 170-171° (760 mm.) 
was collected and used in all the experiments; only one ninhydrin- 
reactive spot was detectable on paper chromatography. The 
Dowex 50-X8 cation exchange resin was a Dow Chemical 
Company product, and two different batches of this resin gave 
comparable results with lipide hydrolysates as well as with 


trophoresis 
that described by Ryle et al. (12). 


Quantitative Estimation of Serine and Ethanolamine 
in Phospholipides 


As will be described below there are many factors influencing 
the quantitative estimation of ethanolamine and serine, and 
after due consideration the following method was evolved: 

1. Hydrolysis of Sample—The lipide sample in chloroform, 
containing 2 to 3 mg. of ethanolamine and/or serine nitrogen, 
was dried in a vacuum at room temperature, dissolved in a 
minimal amount of diethyl ether and 10 ml. of 6 n HCl were 
added. The ether was removed by gentle warming and the 
mixture was then refluxed for 3 hours. After the hydrolysate 
was cooled, the fatty acids were removed by two extractions 
with diethyl ether and the ether layer washed twice with 1.0 
ml. portions of water. The washings were added to the aqueous 
fraction and the entire mixture evaporated under nitrogen on & 


TS 


Oc 
| was a product of the G. F. Smith Chemical Company. 
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Taste I 
Separation of pure serine and ethanolamine mixtures 
on Dowex 50 columna* 
Amount of material used Recovery of nitrogen, “, of theory 
Sample 
Serine N Ethanolamine N Serine? Ethanolamine?! 
I 0.182 0.162 98.8 97.0 
Il 0.190 0.055 99.0 06.4 
lll 0.127 0.110 100 102 
IV 0.063 0.165 100 97.8 
Vt 0.120 0.114 99.2 98.2 


* In addition, serine and ethanolamine standards were added to 
hydrolysates of phosphatidyl! ethanolamine-rich fractions from 
beef and rat liver and subjected to separation on Dowex 50 col- 
umns and the rest of the procedure as described in the text. The 
recoveries of added standards were in the range from 96 to 100 
per cent of theory. 

t Paper chromatography showed only the expected component 
in each fraction. 

t Also contained 0.323 mg. of choline N. 


steam bath. Water was repeatedly added to the flask to aid 
in removal of the excess HCl. The residue was made to 25 
ml. with 0.2 « sodium acetate buffer, pH 5.0; hydrolysate A. 


the elegant method of Moore and Stein (13). 
200 mesh Dowex 50-XS cation exchange resin, previously washed 
with 2 ~ NaOH, and distilled water, were suspended in 0.2 
sodium acetate buffer, pH 5, and poured into a 0.9 x 30 em. 
glass column with a constriction at the lower end. The flow 
rate of this column is previously adjusted to approximately 1 
ml. per minute by packing glass wool into the lower end. In 
order to facilitate the addition of solutions without disturbing 


i 


free ammonia formed during 
placed on the column is allowed to 
at which point the column is rinsed with t 
portions of pH 5.0 buffer and then further trea 
buffer until a total of 20 ml. have passed through the column. 
This effluent is collected for the quantitative assay of the serine, 
0-phosphoserine, O-phosphoethanolamine, or like substances. 
The ethanolamine (plus free ammonia and similar amines) is 
eluted from the column with 20 ml. of a 10 per cent solution of 
sodium acetate, pH 7.2. The resin may be regenerated for 
further use by washing with 20 ml. of pH 5 acetate buffer. Over 


* This nitrogen value, compared with the amount of nitrogen 
present in sample used for hydrolysis, will serve as an indicator 
of the effectiveness of the hydrolytic procedure. The yields of 
water-soluble nitrogen should be above 95 per cent of theory. 
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components, free ammonia, and total nitrogen. After establish- 
ment of the effectiveness of the fractionation, the latter analysis 
for total nitrogen need not be included. 

3. Oxidation Technique—2 ml. of 0.2 m periodic acid are 
added to the column effluents and to aliquots of the original 
hydrolysate A (for total serine and ethanolamine). Only in 
the case of the pH 7.2 effluent does the addition of periodic acid 
alter the pH, which drops to 6.0. The mixture is allowed to 
stand at 25° for 2 to 3 hours. After the addition of 10 ml. of 
30 per cent NaOH, the ammonia released by the oxidation of 
serine and ethanolamine is then steam-distilled into 10 ml. of 2 
per cent boric acid and determined by titrimetric assay with 
0.010 s HCl. Free ammonia present in the original hydrolysate 
is determined by distillation of an aliquot made alkaline as 
above. Total nitrogen was obtained by the micro-Kjeldahl 
procedure using selenium oxychloride as the catalyst. 

The separation of pure serine and ethanolamine on Dowex 
50-X8 columns is shown in Table I. 


RESULTS 
Composition of Lipide Samples—Through the use of the 
procedure described above, the distribution of serine and ethanol- 
amine in the fractions from beef and rat liver, and baker’s yeast 
was determined and is recorded in Table II. 


Il 
Serine and ethanolamine analysis on 3 hour 6 » HCI hydrolysates 
of phosphatidyl ethanolamine-rich fractions from beef and 
rat liver, and yeast 


% of total lipide sitrogen in hydrolysate 
Source 
Total | Serine |Ethenclemine| Ushnows 
Beef liver 99 4.3 3.1 82.0 | 
Rat liver YS 3.5 2.1 75 17 
Yeast 99 6.9 2.3 s4 7 


As was indicated by the difference between the total nitrogen 
value and the periodate-reactive nitrogen, there was an additional 
unknown component. It was ninhydrin-reactive, as shown by 
paper electrophoresis, and was detected only in the serine frac- 
tion by the above resin treatment. Through the use of high 
voltage paper electrophoresis this compound has been identified 
as O-phosphoethanolamine (with a trace amount of O-phospho- 
serine). Thus, in all these sources of phosphatidyl ethanol- 
amine, a minimum of 90 to 95 per cent of the fraction is the 
serine component constitutes a small proportion (usually <5 
per cent) of these preparations.’ 

Comments on Procedure 

1. Hydrolysis Routes—The most important factors in the 
unequivocal analysis of lipide serine and ethanolamine are the 
hydrolysis of the lipides and the recognition of the possible 
products other than serine and ethanolamine. The most 


* On the basis of the present observations, preliminary reports 
(11) on the serine and ethanolamine composition of comparable 
fractions cannot be considered as correct. In the main, adverse 
cation influence on the reported separation on Amberlite IRC-50 
was of considerable importance. 


ethanolamine is carried out by a considerable simplification of 
the resin bed, a small plug of glass wool is placed on the top of 
the resin. The column is washed with buffer until the effluent 
is at pH 5.0. 
3 ml. of the above hydrolysate A are placed on each of two 
columns, and at the same time 3 ml. aliquots are taken for 
estimation of total nitrogen’ and serine plus ethanolamine by 
periodate oxidation and as controls to 7 
Wenty Sseparauions Det Tied On 
column with no apparent loss in resolution. 
Each fraction is analyzed for periodate-reactive nitrogen 
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Tasie III 
Stability of serine and ethanolamine to various hydrolytic conditions 
The amount of total nitrogen used in these experiments was in 
a range from 0.10 to 0.20 mg. 


phoresis this technique may be useful for the quantitative 
determination of nitrogen components in lipide hydrolysates. 
The application of DNFB to the assay of serine and ethanol } 
amine in lipide hydrolysates was first reported by Axelrod et al. 
i (2). This technique has subsequently been used by a number of 
Te mitogen ammonia in other workers (14, 15), and a modification has been reported by 
Nojima and Utsugi (3). In our experience this procedure, like 


Method of treatment ' 


Beef liver that of quantitative paper chromatography, worked well with 

| Serine {mine | ethanolamine- standard samples of serine and ethanolamine but when it was 

used on lipide hydrolysates, immediate difficulties were en- 

Methanolic 6 HCl, 3 hrs. reflux 1.8 | 2.5 2.3 countered. The first of these is the formation of DNP-amine 
Methanolic 6 x HCI, 3 hrs. reflux 9.3 6.4 from the free ammonia in the lipide hydrolysate and its sub } 

and | hr., pH 8, reflux sequent distribution in the solvent system used by Axelrod et al. 

Aqueous 6 n HCl, 6 hrs. reflux 16.0 | 5.7 12.8 (2) into both the DNP-serine and DNP-ethanolamine. Even 

Aqueous 6 N HCI, 3 hrs. reflux 4.0 | 3.8 4.3 when this technique was applied to lipide hydrolysates in whieh 

ee 6s HCl, 20 hrs. 4.5 | 5.2 the free ammonia was minimal, highly erratic results were 

reflux obtained. It was characteristic in certain of these analyses for 
Aqueous 2 x NaOH, 2 hrs. reflux 2.5 | 1.9 7.8 the total recovery’ of nitrogen to go as high as 140 per cent of | 


the original total nitrogen present in the phospholipide sample 
being analyzed. It was only after the discovery of the presence 
of O-phosphoethanolamine in these hydrolysates that the reason 
for this discrepancy was explained. It is apparent that 0- 
phosphoethanolamine reacts with DNFB to give a DNP-deriva- 
tive which distributes itself with the DNP-serine fraction. 
While previously not applied to lipide hydrolysates to any 
large extent, the usefulness of exchange resins for the separation 


obvious of these possibilities, ammonia, formed by the deamina- 
tion of serine and ethanolamine, has long been recognized. 
However, in general, the amounts formed during hydrolysis have 
not been ascertained. Consequently, a study was undertaken 
on the effect of hydrolysis, under varying conditions, on the 
stability of pure serine and ethanolamine and the amounts of 


free ammonia produced from a phosphatidyl ethanolamine-rich 
fraction of beef liver. The results are shown in Table III. 
Among the methods tried, methanolic 6 Nn HCl gave the minimal 
deamination of serine and ethanolamine in standard solutions 


and in the beef liver preparation. However, the formation of 


serine methyl ester under these conditions, as previously de- 
scribed by Levine and Chargaff (4), was observed. Although 
the ester was quantitatively converted to the free acid by 
refluxing at pH 8 for 1 hour, the subsequent deamination during 
this hydrolysis ruled out this medium of hydrolysis. Although 
serine and ethanolamine exhibited a reasonable stability to 2 Nn 
NaOH hydrolysis for 2 hours on a steam bath, appreciable 
amounts of free ammonia were produced from the beef liver 
lipide. As a result of this observation, as well as the difficulty 
presented by the removal of base from the hydrolysate before 
chromatography on the resin, this route to hydrolysis of the 
phospholipide was not used. A further study of the hydrolysis 
in acid medium showed that a 3 hour reflux in 6 s HCI produced 
the least free ammonia and allowed good recoveries of serine and 


of amino acids and other amines has been well established. 
Permutit, which may be included in this category, has been 
reported to be effective in the separation of serine and ethanol- 
amine (6); however, in our experience and also according to the 
observations of Oley,‘ it did not give a satisfactory separation. 
Unbuffered Amberlite IRC-50, a weak cation exchange resin, 
gave a satisfactory separation of serine and, ethanolamine 
standards; but when it was applied to lipide hydrolysates, 
consistently high values for serine were obtained. It was found 
difficult to achieve quantitative elution of ethanolamine from 
unbuffered, strong cation exchange resins. However, Dowex 
50, which is a strong cation exchanger, when buffered at pH 5 
as described above, does give excellent separation of serine and 
ethanolamine standards as well as satisfactory recovery of 
serine and ethanolamine added to lipide hydrolysates. Two 
different batches of this resin gave comparable, reproducible 
results. 

3. Quantitative Determination of Serine and Ethanolamine—As 
previously indicated, both the quantitative estimation of serine 


PLE 


pe 


ethanolamine. As a regular practice, the samples were analyzed and ethanolamine standards by the DNFB method and the | Ch 
immediately following hydrolysis. spectrophotometric assay employing ninhydrin give excellent [ Ser 

2. Separation of Serine and The paper results. The equivocal point with these or any other assay isin | Eth 
chromatographic separation of serine and ethanolamine, s- the possible interference from other substances which may be | 0-1 
sentially as outlined by Levine and Chargaff (4), was found to found in lipid hydrolysate and which, upon separation of the O-p 
give excellent results with standard serine and ethanolamine solu- 2 in. and ethanolamine, may appear in either or both fractions a 
tions. However, the application of this procedure to lipide and give » positive and therefore misleading reaction with the ? 
hydrolysates was not particularly satisfactory. The greatest reagent used. This is the case with t 
difficulty apparently resided in the sensitivity of the separation 444 ammonia in the DNFB method, and it is likely that any | buf 
to the presence of salts. Serine in the presence of trace amounts primary amine present including sphingosine and all naturally | acic 
of hydrochloric acid gave multiple spots. The ethanolamine (curring amino acids would give DNP derivatives that could | afte 
spot obtained from lipide hydrolysates was generally diffuse and interfere. The same limitations hold also with quantitative | mit 
exhibited considerable trailing which may be attributed to the ninhydrin reactions. Artom (6) pointed out the advantages of ; 
ammonia present in the samples. It is possible that with the a 


* J. Olley, personal communication. 


cleaner separations obtained with high voltage paper electro- ne : 
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periodate oxidation as an assay method for serine and ethanola- 
mine. Sphingosine, as well as O-phosphoethanolamine and 
0-phosphoserine, may or may not react, depending upon the 
conditions used for the oxidation, and free ammonia would go 
undetected. However, all of the other known naturally occur- 
ring amino acids, except threonine and hydroxylysine, do not 
react with periodate to give ammonia. It was found that 
choline under Artom’s conditions, 100° at pH 9, can react with 
periodic acid to give a distillable base, and it is for that reason 
that it was found preferable to perform the oxidation at room 
temperature. The reactivity of periodic acid with various 
substances under different conditions is presented in Table IV. 
4. Formation of O-Phosphoethanolamine—In the analysis of 
beef and rat liver and yeast phosphatidyl ethanolamine-rich 
fractions, as high as 17 per cent of the nitrogen present in the 
original lipide could not be detected as either serine or ethanol- 
amine, as shown by its failure to release ammonia after periodate 
treatment. Inasmuch as no choline or sphingosine was present 
in this fraction, this suggested the presence of a third nitrogenous 
component. Routine paper chromatographic techniques failed 
to demonstrate satisfactorily the occurrence of a third primary 
or substituted amine in hydrolysates of these lipides. When 
hydrolysate was submitted to paper electrophoresis, on pH 
6.5 pyridine and acetic acid (12) buffered Whatman No. 3 filter 
paper under a potential of 1000 volts for 1 hour, a very definitive 
resolution of a third component was achieved. It gave a positive 
ninhydrin reaction as well as a positive reaction with the acid 
molybdate spray for phosphorus (16). As is shown in Figs. 1 
and 2, this substance had the same Ry, value as O-phosphoetha- 
nolamine, and mixtures of this material and known O-phospho- 
ethanolamine migrated to the same position on the chromato- 
gram. This chromatogram also established the presence of 
ethanolamine and serine (with a trace amount of O-phosphoser- 
ine), and quantitative assay, by the ninhydrin reaction, on the 
obtained by the exchange resin procedure. The formation of 


Taste IV 
Reactivity of various nitrogen compounds with periodic acid 


Total nitrogen recovered,* of added 
‘otal nitrogen 
Sample | 

added pH $0, sodium acetate | ~-t.4 

ase 
Choline 0.323 0.1 Not run 28.6 
Serine 0.251 02 Not run 
Ethanolamine 0.227 100 Not run 06.5 
O-phosphoserine 0.226 1.7 31.0 37.4 
O-phosphoethanol - 0.192 0.3 | v8.8 16.3 
amine | | 


* As a steam-distillable nitrogen base. 

t Samples were prepared in 10 ml. of 0.20 ~ sodium acetate 
buffer (pH 5.0), and to this was added 2.0 ml. of 0.2 ~ periodic 
acid. The mixture was allowed to stand at 25° for 2.5 hrs., and 
after addition of excess 30 per cent NaOH, the steam-distillable 
nitrogen base was determined. 

$ Same as above except the reaction mixture was maintained in 
a glass-stoppered flask at 100°. 

§ Conducted under the experimental conditions of Artom (6) in 
the distillation chamber of the Kjeldahl nitrogen apparatus. 
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Fig. 1. Ninhydrin reactive components present in the hydroly- 
sate of a phosphatidyl ethanolamine-rich fraction from beef 
liver, as revealed by high voltage paper electrophoresis. The 
following represent the substances placed on the paper: /, O-phos- 
phoethanolamine; 2, O-phosphoserine; 3, hydrolysate alone; 4, 
ethanolamine (at cathode) and serine (near origin); 5, hydroly- 
sate plus O-phosphoethanolamine and O-phosphoserine. The 
dotted spots indicate a very faint color reaction. 


10+ 0 
9+ 
8+ + 
7+ O 
6+ oO 


Fig. 2. Phosphate esters present in the hydrolysate of the same 
fraction as in Fig. 1, as revealed by high voltage paper electro- 
phoresis. An acid molybdate spray was used for location of spots. 
pms eae the substances placed on the paper: 6, 
glycerophosphate; 7, hydrolysate plus O-phosphoethanolamine: 
O-phosphoserine; hydrolysate; 10, O-phosphoethanolamine 
and O-phosphoserine. 


O-phosphoethanolamine during acid or alkaline hydrolysis of 
phosphatidy! recognized .* 
Conceivably, the “undetermined N” reported by McKibbin 
(7) in his study on lipide nitrogen constituents might be attrib- 
uted to a phosphorylated derivative. However, Ansell and 
Dawson (17) demonstrated the presence of free O-phospho- 
ethanolamine in brain by two-dimensional chromatography. 
Similarly, Ferrari and Tenconi (18) reported its occurrence in 
the free form in liver. Of interest is the fact that this compound 
is quite resistant to hydrolytic cleavage. Levine and Chargaff 
(4) noted that a 48 hour, 6 ~ HC! hydrolysis at reflux was neces- 
A similar observation was 

made by Ansell and Dawson (17). Hence, once formed in the 
hydrolysis mixtures deseribed here, O-phosphoethanolamine 
would be rather resistant to any degradation. 


* Both O-phosphoethanolamine and O-phosphoserine are found 
in hydrolysates of rabbit tissue phospholipides; Dr. G. Rouser, 
personal communication. 
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Taste V 
Analysis for O-phosphoethanolamine by high voltage 
paper electrophoresis 
The sample was an acid hydrolysate of a phosphatidy] ethanol - 
amine-rich fraction of beef liver. The O-phosphoethanolamine 
spot was cut out and analyzed for phosphorus. See text for 
further details. 


| amine spot* 
| Found Calculatedt 
I-a 63.0 
I-b 61.5 68.0 
I-c 58.0 
I-c plus 8.8 ug. of P as O-phos- 70.0 
phoethanolamine 
Il-a 60.0 
II-b 65.0 68.0 
II-c 60.0 
II-c plus 8.8 gg. of P as O- 69.0 
pho ph thanolamine 


* There were 2 to 3 wg. of O-phosphoethanolamine P actually 
spotted on each chromatogram. The data represent the total 
O-phosphoethanolamine present in the entire sample. 

t In each of the two hydrolysates (I and II), there was a total 
of 680 ug. of total P and 270 ug. of total N, of which 243 yg. (or 90 
per cent) were serine and ethanolamine N (by periodate reaction). 
Thus, if the difference between this latter value and the total N, 
or 27.0 ug. is represented by O-phosphoethanolamine, there should 
be a total of 68.0 ug. of P present as O-phosphoethanolamine. 


The factors influencing the formation of O-phosphoethanol- 
amine during hydrolysis of these fractions are not understood. 
Phosphatidyl ethanolamine-rich preparations from yeast con- 
sistently yielded a small percentage. Although similar fractions 
isolated from rat and beef liver yielded on hydrolysis from 10 to 
15 per cent of O-phosphoethanolamine, one such preparation 
(not reported here) on repeated hydrolysis yielded nearly 50 per 
cent. With a given preparation, approximately the same 
amount is formed in 3 or 6 hour 6 N aqueous HCl, as in 3 or 6 
hour 6 wn methanolic HCl hydrolyses. Under the only basic 
conditions used, a 2 hour 2 n NaOH hydrolysis at 100°, approxi- 
mately 3 times as much O-phosphoethanolamine was formed as 
was formed by acid hydrolysis of the same preparation. Mag- 
nesium, which was found in one typical beef liver fraction in an 
amount approximately equivalent to the serine present, had no 
effect, as added MgCl:, on the reaction. Copper and iron which 
were found in this fraction in trace amounts also had no effect 
when added as cuprous or cupric, and ferrous or ferric salts, 
respectively. Heating 6 n HCl to nearly reflux temperature 
before adding it to the lipide and thus eliminating the relatively 
mild conditions occurring during the warming-up process had 
no influence on the amount of phosphoethanolamine found. 

Inasmuch as any O-phosphocthanolamine and O-phospho- 
serine are eluted in the serine fraction in the procedure described 
here, it was of considerable interest to study the reactivity of 
these phosphorylated derivatives with periodic acid at room 
temperature and pH 5.0 and at 100° and pH 9.0 (Artom’s condi- 
tions). The results of these experiments, which are recorded in 
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Table IV, showed that no significant oxidation of these ty 
compounds occurred at room temperature and pH 5.0. How. 
ever, a significant, although not quantitative, oxidation occurred 
at elevated temperatures and pH 9.0 (or 5.0). 


good 
On the other hand, it was evident that choline, at the elevated 
temperature and pH 9.0, was attacked by the periodic acid. 
While the amounts of O-phosphoethanolamine and O-phos 
phoserine present could be calculated by the difference betweeg 
the total nitrogen and periodate-reactive nitrogen, there was no 
assurance that this entire difference could be attributed to these 
compounds. Although a quantitative estimation of the ethanol 
amine and serine could be obtained by the ninhydrin reaction 
on the eluted spots from a paper electrophoresis chromatogram, 
the comparable reaction on the O-phosphoethanolamine and 
ine spots was not quantitative (low reactivity). 
Consequently, the most expedient route to quantitative assay 
for these components was afforded by the phosphorus estimation 
on the spots obtained on paper electrophoresis of the original 
hydrolysate (A). The position of the spots was located by s 
ninhydrin spray, the desired spot was cut out, and phosphorus 
was estimated by the method of Berenblum and Chain (19). 
This assay procedure is the same as that outlined by Ansell and 
Dawson (17). The results of two different experiments are 
recorded in Table V. The data show quite clearly that the 
“difference” between the total nitrogen and periodate-reactive 
nitrogen may be attributed principally to O-phosphoethanol- 
amine (and to a minor extent, to O-phosphoserine). 


It is obvious that the accuracy of the quantitative estimation 
of phosphatidyl ethanolamine and phosphatidyl serine by the 
determination of serine and ethanolamine in lipide hydrolysates 
depends on the use of conditions of hydrolysis which minimize 
the formation of ammonia. In addition, although their forma- 
tion will in most cases lead to equivocal results, the possibility of 


by the lack of specificity of the method used for the quantitative 
determination of serine and ethanolamine due to the consequent 
estimation of O-phosphoethanolamine as serine. The DNFB 
method and other spectrophotometric determinations following 
separation with ion exchangers are especially susceptible. 

It is acknowledged that the procedure presented here using 
Dowex 50 columns for separation of serine and ethanolamine and 
quantitative estimation using periodate oxidation is not a com- 
plete answer to this problem. This procedure does, however, 
have the advantage of giving a correct analysis for free serine 
and ethanolamine without interference from O-phosphoethanol- 
amine. An improved method of hydrolysis which would mini- 
mize the formation of ammonia and ethanolamine and serine 
phosphate esters is obviously needed. Further information 
concerning the factors which determine the rate of hydrolysis of 
the ester bonds involved would be valuable. Enzymatic hy- 
drolysis using a phospholipase C, which would remove only the 
nitrogen base, may be the ultimate answer, but the lack of 
knowledge with respect to specificity and to the conditions 
necessary for complete hydrolysis precludes its use at this time. 
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A procedure is described for the assay of ethanolamine and 
serine in phosphatidyl ethanolamine-rich fractions from beef 
liver, rat liver, and baker's yeast. This technique involves a 
hydrolysis of the phospholipide sample in 6 x HC! for 3 hours at 
reflux, separation of the free amines on Dowex 50-XS8 ion ex- 
change columns, and estimation of the ammonia released by 
periodate oxidation of these fractions. 90 to 95 per cent of the 
total nitrogen of these fractions was considered to be the ethanol- 
amine type, and the remainder, the serine derivative. 

In the course of the hydrolysis of these phospholipides, O- 
phosphoethanolamine (and to a minor extent, O-phosphoserine) 
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was formed in amounts as high as 17 per cent of the total nitrogen. 
Under the conditions of the assay system, these phosphorylated 
derivatives were not oxidized by periodic acid. Both O-phos- 


The various hydrolytic procedures and assay systems pro- 
posed for estimation of ethanolamine and serine in phospholipides 
are discussed. 
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SUMMARY 
voltage paper electrophoresis and assayed by phosphorus assay 
on the resultant spots. 
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The structure of naturally occurring triglycerides has been 
studied over a number of years with little agreement about the 
distribution of the fatty acids, except as to the prevalence of 
mixed glycerides. Several types of arrangement, for example, 
even, random, partial random, and restricted random, have 
been proposed and defended. Hilditch (1) and Bhattacharyya 
(2) have recently reviewed the bases of these various theories. 

One reason that a number of theories developed has been the 
lack of suitable methods for the isolation and characterization of 
glycerides. It is possible, with fairly quantitative yields, to 
separate the triglycerides of a natural fat into glyceride classes, 
i.e. trisaturated, disaturated, monosaturated, and triunsaturated. 
However, only with a limited number of fats has it been possible 
to separate major proportions of single glycerides which can 
be identified by thermal and x-ray diffraction techniques. For 
instance, it has been shown that 2-oleoyl distearin comprises 
approximately 60 per cent of kokum butter (3, 4), that 2-oleoyl 
dipalmitin is the principal single triglyceride of stillingia tallow 
(5), and that 2-oleoyl palmitoy! stearin is present to the extent 
of 50 per cent in cocoa butter (6-8). Thus, the conclusively 
identified disaturated glycerides of vegetable oils are exclusively 
2-cleoyl disaturated. On the other hand, lard has a very high 
proportion of 2-palmitoyl stearoyl “olein,” clearly in contrast 
with beef and mutton tallow (9, 10). Thus, the evidence, 
although scattered, is indisputable for the occurrence in several 
different organisms of specific glycerides in proportions far in 
excess of expectations for random distribution. Nevertheless, 
reports continue to appear containing data which are interpreted 
as supporting an clement of randomness in glyceride organization 
(11, 12). 

In 1956 Mattson and Beck (13) demonstrated the specificity 
of pancreatic lipase for the cleavage of ester linkages at the 1 
and 3 positions of triglycerides and suggested that this offered 
a new tool for study of triglyceride structure, a tool with certain 
obvious advantages over previous means. This method of 
enzymatic hydrolysis has been applied by Savary, Flanzy, and 
Desnuelle (7) to fractions of eight natural glycerides. On the 
basis of iodine value and, in some instances, identification of the 
fatty acids, they concluded that the fatty acids were not distrib- 
uted at random. In the present study the enzymatic technique, 
applied to twelve vegetable fats and seven animal fats, has 
yielded strong evidence for a high degree of specificity in fatty 
acid distribution in the glycerides of natural fats. 

* These results were reported in part at the Meeting of the 
American Society of Biological Chemists in April, 1956. 


EXPERIMENTAL 


The method used in this study of triglyceride structure & 
based upon the specificity of pancreatic lipase for the cleavage of 
ester linkages at the 1 and 3 positions of triglycerides. Sing 
this enzyme splits few, less than 10 per cent, of the fatty acids 
from the 2 position of glycerol, the monoglyceride formed from 
a triglyceride will contain almost exclusively those fatty acids 
which were esterified at the 2 position of the triglyceride. Simi 
larly, the fatty acids of the original triglyceride not accounted 
for in the monoglyceride fraction must have been esterified 
with the 1- and 3-hydroxyl groups of the glycerol. 

The procedures used in this study were: (a) digestion of th 
fat with pancreatic lipase, (6) isolation of the monoglyceride 
formed as a result of digestion, and (c) determination of the 
fatty acid composition of the isolated monoglyceride and of the 
original triglyceride. From the proportions of fatty acids is 
the monoglyceride and in the original triglyceride, the distribu 
tion of fatty acids in the triglyceride was calculated. 

The fats used in this study were obtained from reliable com- 
mercial or private sources, so that the identity of the fats s 
certain. The rat and dog fat was obtained from adult animal 
that had been fed a fat-free diet for 1 month before they wer 
killed. The special lard sample, supplied to us by Dr. E. H. 
Ahrens of the Rockefeller Institute for Medical Research, was 
obtained from a pig that had been reared to a body weight of 2 
pounds on a diet containing 25 per cent of safflower seed oil. 
The conditions of digestion and the isolation procedure have 
been described previously (14). Fatty acid composition was 
determined by a spectrophotometric method described clse- 
where (15). 

RESULTS AND DISCUSSION 


The fatty acid compositions of the original fats and of the 
monoglycerides formed during digestion are given for the 
vegetable fats in Table I and for the animal! fat« in Table IIL 
The fatty acids of the triglycerides not accounted for in the 
monoglyceride fraction were esterified in the | and 3 positions. 
The percentage of each fatty acid type which was on the 2 posi- 
tion in the original triglyceride was calculated from the values in 
Tables I and III (Table 1). Because of the small amount of 
tetraenoic acid present in these fats the distribution of this 
fatty acid was not calculated, since such values could have 
considerable error in them. Values were not calculated for 
the dienoic and trienoic acids of many of the fats for the same 
reason. Where comparable, the values in Tables I and III are 
in substantial agreement with those of Savary ef al. (7). 
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Taste I 


Fatty acid composition of triglycerides of series of vegetable fats and 
of monogl ycerides formed from them by hydrolysis with 


pancreatic |i pase 
Latin Fatty acid composition 
Vegetable fats 
oil 

Original triglyceride... 140.8 | 12.8 | 26.8 | 52.7) 7.8 

Monoglycerides formed 149.5; 0.0) 42.4) 52.3) 6.1 
Olive oil 

Original triglyceride | 87.2) 4.8) 74.2) 10.4) 0.6 

Monoglycerides formed....| 101.0 1.3 | 85.8 12.4) 0.5 
Peanut oil 

Original triglyceride .. 98.2) | 49.7 | 2.2) O. 

Monoglycerides formed 128.2) 1.4) 55.7) 42.8) 0.1 
Cottonseed oil 

Original triglyceride ...... 111.0 | 30.0 | 18.5 | 50.7/ 1.0 

Monoglycerides formed 145.8 | 10.7 | 18.3 | 70.0) 1.0 
Aceituno fat 

Original triglyceride ... 69) 2.3) 03 

Monoglycerides formed 8.0; 43/928; 2.8) 0.1 
Palm oil 

Original triglyceride 57.3 48.6) 11.1) 

Monoglycerides formed 0.1 13.4) 70.1) 16.2) 03 
Shea butter 

Original triglyceride 40.5 | 52.2) 41.3) 5.9) 0.7 

Monoglycerides formed 75.7 2.2) 11.8) 0.2 
Dunkwa allanblackia 

Original triglyceride 41.3 | 55.5 43.6) 03) 0.5 

Monoglycerides formed 00.9; 06) 1.1 
Kokum butter 

Original triglyceride 37.5| 08) 0.1 

Monoglycerides formed 0.2) 2.0) O01 
Cocoa butter 

Original trighveeride 39.7| 3.5) 0.2 

Monoglycerides formed 06.7; 9.8 883) 03 
Borneo tallow 

Original trighyeeride 29.5 | 68.4 0.8) 0.2 

Monoglycerides formed. 78.8, 0.2 
Stillingia tallow 

Original triglyceride 2%.7'703' 28) 07) 02 

Monoglycerides formed 72.2/ 75.9) 2.2) 0.0 


The fatty acids of the vegetable fats are not randomly distrib- 
uted (Table 11). If the distribution were random, all the 
values presented in Table II would be 33 per cent. This is 
particularly apparent in the case of the saturated fatty acids. 
The series of vegetable fats is made up of members containing 
from 13 to 70 per cent of saturated fatty acids. Of this series, 
shea butter had the highest proportion of its saturated acids in 
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the 2 position, but this was only 18 per cent of the total saturated 
fatty acids present. Although 70 per cent of the stillingia tallow 
fatty acids are saturated, only 10 per cent of them are found 
on the 2 position; in kokum butter only 2 per cent of the saturated 
acids, which are 59 per cent of the whole, are found on the 2 posi- 
tion. 

Since there was no preliminary fractionation of the original 
triglycerides into classes according to degree of saturation, the 
departure from randomness of fatty acid distribution may be 
even more marked than is indicated here. For example, palm 
oil usually contains about 5 per cent of trisaturated glycerides (9). 


a saturated fatty acid was in the 2 position; by far the main 
proportion would be in the 1 and 3 positions. 

From this and earlier evidence it is concluded that the di- 
saturated triglycerides of vegetable fats are preponderantly of 
the 1,3 disaturated configuration which on a random basis has 
only one-half the probability of the 1.2 (and 2,3) configuration; 
the monosaturated triglycerides are largely | saturated. 

The data, in general, do not indicate a specific distribution of 
the individual unsaturated acids with respect to each other, 
although there are some differences apart from experimental 
error. If there is a certain randomness in the distribution of 
the individual unsaturated acids, it could well account for the 


Taste Il 


Proportion of each type of fatiy acid that is esterified with 2 position 
of triglycerides of several animal and vegetable fats* 


Fatty acid 
Fats 
% % 
Vegetable 
Soybean off .... 0 53 33 26 
Dunkwa allanblackia 1 74 67 
2 37 48 
Kokum butter. 2 79 
Olive oil 3 38 
Aceituno fat 4 iM 41 
Cocoa butter 5 SI 15 
Borneo tallow 7 00 
Palm oil . 9 49 
Stillingia tallow 10 ss 
Cottonseed oil 12 33 46 33 
Shea butter. 18 48 67 
Animal 

Beef 18 49 
Horse. _. 18 31 69 65 
Human. 19 38 61 
Dog (fat- free diet). . 2 31 
Rat (fat-free diet)......... 39 22 78 
65 16 17 
Pig (safflower seed oil diet) 67 15 | 


* Per cent of fatty acid type esterified with the 2 position = 
% of fatty acid type in monoglyceride formed x 100. 
% of fatty acid type in original triglyceride x 3 
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acids found in the 2 position. Thus the diunsaturated and 
monounsaturated glycerides would have few molecules in which 
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Taste III 
Fatty acid composition of triglycerides of series of animal fats and of monoglycerides formed from 
them by hydrolysis with pancreatic lipase 
Fatty acid composition a 
Source of fat lodine value _ 
Saturated Monoenon Dienox Trienok Tetraenok 
% % % 
Rat* 
Original triglyceride................ 96.6 14.8 67.0 15.8 0.8 1.6 
Monoglycerides formed 111.1 17.2 “4.5 37.1 0.5 0.7 
Original triglyceride. ............... 127.1 22.3 17.7 0.0 1.1 
Monoglycerides formed............. 95.4 4.0 8.1 47.1 0.0 03 
Dog* 
Original triglyceride................ 74.0 33.9 533.0 10.7 1.5 0.9 
Monoglycerides formed............. 86.6 28.8 49.8 18.5 2.0 0.8 
Human 
Original triglyceride................ 68.0 32.9 3 7.0 0.2 04 
Monoglycerides formed 86.1 19.0 67.4 12.9 0.2 0.5 
Pig 
Original triglyceride 70.9 36.0 3.3 12.6 0.5 0.4 
Monoglycerides formed............. 32.7 70.7 22.5 6.4 0.3 0.1 
Horse 
Original triglyceride 85.7 39.1 39.4 9.7 11.0 0.8 
Monoglycerides formed 130.7 20.7 37.0 20.2 21.6 0.5 
Beef 
Original triglyceride 43.4 53.5 43.5 2.2 0.6 0.2 
Monoglycerides formed 68.3 29.2 63.8 5.4 1.3 0.3 
Original triglyceride 43.0 57.6 38.3 3.2 0.7 0.2 
Monoglycerides formed............. 69.2 33.2 58.7 6.6 1.1 0.4 


* The rat and dog fat were obtained from animals maintained on a fat-free diet for 1 month before they were killed; the lard was 


from a pig reared on a diet of 25 per cent safflower seed oil. 


degree of randomness reported for linseed, soybean, and safflower 
seed oils (11, 12, 16). 

The animal fats as a group present no pattern. The propor- 
tion of any given fatty acid on any position differs widely among 
the various fats. The only common feature appears to be that 
the fatty acids are not randomly distributed. 

The fat of the pig is of particular interest, because it is the 
only one in which the saturated fatty acids are predominantly 
in the 2 position. This is true regardless of whether or not the 
lard is high in oleic acid or linoleic acid. This confirms the 
earlier work of Hilditch (9) and Quimby et al. (10). 

Beef, horse, sheep, and human fat tend to resemble vegetable 
fat with a degree of selective positioning of saturated acids at 
the 1 and 3 positions. Of the species studied, only the rat and 
dog have their saturated fatty acids distributed in an approxi- 
mately random fashion. There is a rather strong tendency 
toward location of linoleic acid at the 2 position of the tri- 
glycerides in all species except the pig. A greater degree of 
nonrandomness than in the case of vegetable fats is the picture 
among animal fats for relative oleic-linoleic acid positioning. 


It is clear then that any approximate correspondence of an 
animal's content of trisaturated glycerides with the probable 
values (17) is a coincidence rather than a demonstration of 
random fatty acid distribution. 

In neither the case of animal nor vegetable fats is there support 
for the proposal of Kartha (18) that natural glyceride arrange- 
ment is random except for a sufficient reduction of trisaturated 
glycerides to maintain adequate mobility of the fatty stores. 

A degree of selectivity in natural glvceride configuration is ia 
keeping with the findings of Hanahan’s (19) studies of the fatty 
acid distribution in beef, dog, guinea pig, and rat liver, and 
hen’s egg lecithin. However, the saturated fatty acid ix located 
on the 2 position of the lecithin of these species, whereas this 
positioning is seen only in the triglycerides of the pig. 


By means of pancreatic lipase, which specifically removes the 
fatty acids esterified with the primary hydroxyl groups of 
glycerol, the location of the fatty acids in the glycerides of s 
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sumber of naturally occurring vegetable and animal fate has 
wen studied. It is concluded that: 

1. Naturally occurring triglycerides exhibit a high degree of 
gecificity of fatty acid distribution, so that random distribution 
does not occur in cither vegetable or animal fats. 

2 In the vegetable fate the saturated fatty acids are pre- 
dominantly esterified with the primary hydroxyl groups of 


gveerol, 
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3. No general pattern of distribution prevails among the 
animal fats, although nonrandom distribution is evident. This 
is particularly apparent with respect to oleic-linoleie acid distri- 
bution. 

4. Lard is unique in that of all the fats studied, it ix the 
only one in which the saturated fatty acids are predominantly 
in the 2 position. 
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On the Transformation and Enterohepatic Circulation 
of Cholic Acid in the Rat 
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When labeled cholic acid is given to rats, the radioactivity 
can be quantitatively recovered in feces mainly as various un- 
identified transformation products (1, 2). These products are 
formed through the action of intestinal microorganisms since 
they are not found in germ-free rats or rats treated with chemo- 
therapeutics (3, 4). 

In a series of papers, Schmidt ef al. (5-7) studied the metab- 
olism of cholic acid in the guinea pig. They found that cholic 
acid administered per os was quantitatively recovered in feces as 
keto acids. It has been shown that in the rabbit, and in man, 
deoxycholic acid is formed from cholic acid during the entero- 
hepatic circulation, probably through the action of intestinal 
microorganisms (8-10). 

Several papers on the action of different microorganisms on 
cholic acid have been published. Alcaligenes faecalis and 
several strains of Escherichia coli can oxidize the hydroxy! groups 
and give various keto acids (6,11). The conversion to 3-keto- 
A*-cholenic acid derivatives in Nocardia and Streptomyces cul- 
tures has been demonstrated (12, 13), and some fungi can 
oxidize the side chain (14, 15). Reduction of keto groups has 
also been reported (13, 16). 

In bile, cholic acid occurs conjugated with taurine and glycine 
and these conjugates can be split by different strains of Clostridia 
and enterococci (17). 

From the above it is clear that cholic acid can be transformed 
in various ways during the passage through the intestine. The 
aim of the present investigation was to find out where these 
transformations take place, and to ascertain the nature of the 
products formed and whether these products are reabsorbed so 
as to take part in the enterohepatic circulation. 


EXPERIMENTAL 


Bile Acid Samples—Choliec acid-24-C" and deoxycholic 
acid-24-C™ were prepared according to the method of Bergstrém 
et al. (18). 

7-Ketodeoxycholic acid-24-C™ (3a, 12a-dihydroxy-7-ketocho- 
lanic acid) was prepared by oxidation of 20 mg. of labeled 
cholic acid with N-bromosuccinimide (19). It was purified by 
reversed phase chromatography with Phase System C2 (see 
below). 

3a ,78,12a-trihydroxycholanic acid was synthesized according 
to the method of Samuelsson (21) and was kindly supplied by 
him. 

12-Ketolithocholic acid (3a-hydroxy-12-ketocholanic acid) 
was synthesized according to Bergstrém and Haslewood (22) at 
a 160-161° m.p. 


7-Ketodeoxycholic acid was prepared as the labeled acid and 
crystallized as the methyl ester from ethy! acetate-light pe 
troleum at a 153-155° m.p. 

Administration of Labeled Compoundse—White rats of the 
Institute stock weighing 200 to 300 gm. were used. 

The animals were kept in metabolic cages during the experi- 
ments. Bile duct-cannulated animals were kept in restraining 
cages as described previously (20). During the experiments the 
rats were given white bread and water ad litatum. 

The labeled bile acids were given as sodium salts dixxolved ia 
saline either intraperitoneally or into the cecum. In the latter 
case the cecal wall was obliquely perforated with a fine needle, 
and 0.2 mil. of the bile salt solution was injected into the ceeal 
content. By this method no leakage through the injection hole 
could be observed. 

Extraction of Labeled Material—In the experiments bearing oa 
the distribution of labeled material in the animals, the gastro 
intestinal tract was removed and the small intestine was cut at 
the gastric and celiac junctions. It was then divided into three 
equal parts. The contents of these parts and of the larg 
intestine were washed out with approximately 50 mil. of saline. 
These washings were evaporated to dryness and extracted a» 
described below. 

The intestinal wall and the other organs studied were homog- 
enized in SO per cent ethanol in a Waring Blendor and extracted 
twice by refluxing for 2 hours with 80 per cent ethanol on « 
boiling water bath. The intestinal washings and the feces were 
extracted in the same way, without homogenization. The 
extracts were evaporated and the radioactivity was determined 
on a suitable aliquot. 

Before being subjected to chromatography the labeled com- 
pounds were extracted with butanol as deseribed earlier (23). 

Conjugated bile acids were hydrolyzed in s KOH for 6 hours 
at 120° in a sealed tube. After acidification the free bile acids 
were extracted with ether. 

Chromatographic M cthode— Reversed phase partition chroma- 
tography was performed as described previously (24-26). 


Moving phase (ml) 


| Methanol-water 150: 150 15: 
Methanol-water 144:156 Chloroform-isooctanol 15:15 
Methanol- water 140:160 Chloroform-isooctanol 15:15 
_Methanol-water 165:135 Chloroform-heptane 45:5 
Methanol-water 180: 120 Chloroform heptane 40:10 
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System Cl was used for the separation of both free bile acids 
from conjugated ones and of cholic acid from its monoketo 
derivatives. A better separation of the latter acids could be 
schieved in systems C2 and C3. Di- and triketo derivatives of 
cholic acid, acids less hydroxylated than cholic acid and their 
keto derivatives, were separated with Fl and F2; F2 is used for 
the more hydrophobic acids. 

4 ml. of the stationary phase was supported on 4.5 gm. of 
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hydrophobie Super Cel. A column of this size was used when 
the amount of material to be analyzed was less than 50mg. For 
larger amounts, the columns were correspondingly increased. 
For the sake of comparison the effluent volumes of all figures 
have been corrected to correspond to a 4.5 gm. column. 


Identification—The separated peaks of radioactivity were 


Taste I 
Percentage of radioactivity recovered from different organs and feces of rata given cholic acid-24-C™ intraperitoneally 
Rat GRA GRB cac GRD cee | cer | GRG | GRL 
Amount given 
milligrams 0.6 | 066 065 0.66 | 198 1.75 | 1.70) 0.25 | 0.25 
epm. X 10-* 45 45 136 456 373 369 515 515 
Feeding conditions® Fasted Fasted Fasted Fasted Fed Fed Pasted  Fasted Fed Fed 
Killed after (no. of | 
hours)... a as a 2 Pa) a 
4 3 | 3 2 3 2 2 
Small intestine 
Contents 
Upper | | 5 6 3 ? ‘ 2 
Middle | | | 15 16 » 2» ” 5 
Lower | | 10 s 1s 3s 20 9 
Total. sit «ser 4s w 65 33 16 
Wall... | 10 3 12 6 ? 3 
Large intestine | | 
Contents + | | 39 9 ? 10 17 
Feces | s 5 2 3 35 oo) 
Total | 1s 10 45 61 


© The animals were either fasted or fed ad libitum during the experimental period. 


t Including large intestine and feces. 


Taste 
Rat | ca. | caw | GaN | GRG GRH 
milligrams 8 0.25 | 0.2% 0.5 05 | 1.70 
¢p.m. 486 436 515 515 360 
Feeding conditions* | wed | Bed Fed | Fed Fed Fed Fast. Fast. 
Killed after (no. of hours) ay | a 70 70 70 70 a 24 
Liver , 2 | 3 2 4 | 3 3 2 3 
Small intestine | | 
Contents | 
Upper ? | 4 10 
Middle 22 17 _ 
Lower 16 | = 47 
Wall 4 ? 17 ? 
Total | ab 45 7s 51 70 | 73 86 sv 
Large intestine | | | 


© The animals weve either fasted or fed od libitum during the experimental period. 
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rerun together with unlabeled reference substances so that the 
rates of elution could be compared. Final identification was 
done by determining the specific activity after recrystallization 
with unlabeled reference compounds. For identification pur- 
poses sulfuric acid spectra were recorded with a self-recording 
spectrophotometer (Perkin-Elmer Spectracord 4000) after the 
purification of the bile acids by means of paper chromatography 
(28). 

Method of Radioassay—The radioactivity of the bile acids, as 
well as that of biologic extracts, was determined as described 
earlier (20) by counting of an infinitely thin layer on aluminium 
planchets under a Tracerlab TGC-2 GM tube or in a Traceriab 
gas flow counter. 
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A. Distribution of Isotope in Rats at Different Times after 
Intraperitoneal Administration of Cholic Acid-24-C™ 
ves the percentage of isotope in liver, intestinal 

ives at different times after the intraperitoneal 
injection of labeled cholic acid. In some rats, the stomach, 
spleen, kidneys, urine, and the expired CO, were also analyzed 
for isotope, but the radioactivity, if detected at all, never ae. 


0? 


Bile 


Phase system Fi 


<0 100 


mi effivent 


Phase system Ci 


Fic. 1. Separation of hydrolyzed labeled material found in bile and small intestinal contents 3 days after the administration of labeled 
cholic acid. The front bands obtained with Phase System Fi were rerun with Phase System C1. 
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RESULTS 
counted for more than | per cent of the dose given. The some. 
what low total recoveries can be accounted for by losses in the 
collection of feces, in the intestinal washings, and in the extrac. 
tion procedures. 
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Since the bile acids are fairly rapidly excreted in the feces, 
better information on the distribution of the isotope in the body 
would be gained by correcting for the isotope excreted. Table 
[I shows that the distribution of the isotope still remaining in 
the body is essentially the same 24 and 70 hours after the in- 
jection of the labeled cholie acid. Only 2 to 4 per cent of the 
label is present in the liver, practically all of it being confined to 
the intestinal tract. The small intestinal wall contains ap- 
proximately twice the amount found in the liver, the figures 
being fairly variable because of the difficulty in developing a 
standardized technique for the washing out of the intestinal 
contents. The large intestinal wall was analyzed in some cases 
but contained less than | per cent of the total radioactivity. 
Most of the isotope is present in the contents of the lower two- 
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thirds of the small intestine and in the contents of the large 
intestine, mainly in the cecum. 

When the rats were fasting during the experiments the results 
were essentially the same, as can be seen in Table I and II. 
However, a somewhat smaller proportion of the isotope was 
recovered from the large intestine and feces as compared with 
the normal animals. 


B. Separation of Labeled Material in Bile, Intestinal Contents, 
and Peces 3 Days after Intraperitoneal 
Injection of Cholie Acid-24-C™“ 

It is known that all the bile acids exereted im the bile of bile 
fistula rate are conjugated, whereas most of the fecal bile acids 
are unconjugated (1). In order to ascertain where the splitting 
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Fic. 2. Separation of unhydrolyzed labeled material from feces and contents of the large intestine 3 days after the administration of 
labeled cholic acid. Chromatograms of hydrolyzed «mall intestinal contents from the same rat are shown in Fig. 1. For explanations 


see Fig. 1. 
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raphy of the radioactive bands A and B of left curve together with unlabeled 12-ketolithocholic acid. 
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of the conjugates takes place, the butanol extracts of the ma- 
terial from different levels of the intestinal tract were chroma- 
tographed with Phase System Cl. In this way taurine and 
glycine conjugates were separated from the free bile acids. 

It was found that with the possible exception of 1 per cent, all 
the labeled bile acids present in the small intestine were conju- 
gated. Similarly all the bile acids were conjugated in the bile 
of rats, where the labeled cholic acid had circulated for 3 days 
before a bile fistula was made. In the cecum, however, the 
peptide bonds had been split and the conjugated bile acids 
usually comprised less than 20 per cent in the rats examined. 
In feces, even smaller amounts of conjugated bile acids were 
present. 

Figs. 1 and 2 show the separation of labeled products from 
hydrolyzed small intestinal contents, unhydrolyzed large in- 
testinal contents, and feces of a rat in which radioactive cholic 
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Fic. 4. Descending paper chromatography of the fecal di- 
hydroxycholanic acid band shown in the left lower curve of Fig. 
2. The chromatogram with spots of the reference substances, 
chenodeoxycholic (CD) and deoxycholic (D) acids, is reproduced 
below the diagram showing the distribution of radioactivity in 
the paper. 
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Fic. 3. Left curve. Fecal bile acids retained in the column after the chromatography shown in the left lower curve of Fig. 2. 
cholic acid (18 to 25 ml. effluent) and lithocholic acid (60 to 80 ml.) were added as reference substances. Right curves. 
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acid had taken part in the enterohepatic circulation for 3 days. 
Fig. 1 also shows the chromatograms of the hydrolyzed bile of s 
rat where the cholic acid had circulated under similar conditions. 
Instead of the rat being killed, however, a bile fistula was made 
after 3 days. It is seen that some of the cholic acid has been 
transformed to metabolites which show the same elution rates 
in the chromatograms of the different materials analyzed. In 
the bile and the small intestinal contents, the amount of metab- 
olites is not as large as in the large intestinal contents and feces. 
The degree of transformation varied greatly in different animals. 
In addition to the labeled compounds shown in Figs. | and 2, 
small amounts of less polar radioactive substances remained in 
the stationary phase of Phase System Fl. They were separated 
with Phase System F2, and Fig. 3 shows the chromatogram of 
material from the feces. 


C. Nature of Different Labeled Compounds Isolated from Bile, 
Intestinal Contents and Feces 3 Days after 
Injection of Cholic Acid-24-C™ 


Metabolites Isolated with Phase Systems F1 and F2—In Phase 
System Fl the peaks of the deoxycholic and chenodeoxycholic 
acids appear at approximately 50 ml. effluent. Cholic acid and 
its monoketo derivatives are eluted with the front. Diketo 
derivatives of cholic acid appear between the front and the 
deoxycholic acid band. When chromatographies with this 
system are stopped just after the appearance of deoxycholic 
acid, the stationary phase retains dehydrocholic acid, keto 
derivatives of dihydroxycholanic acids and monohydroxycholanie 
acids. Figs. | and 2 show two peaks of radioactivity in Phase 
System F1, one appearing with the front and the other at the 
place of deoxycholic-chenodeoxycholic acids. In order to 
determine the nature of the latter peak, descending paper 
chromatographies were run, a phase system being used which 
was suitable for the separation of deoxycholic and chenodeoxy- 
cholic acids. The main part of the activity appeared at the 
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unlabeled deoxycholic acid in different solvents (Table III). 
When the deoxycholic acid had been eluted in Phase System 


Tastz Ill 
Recrystalli zations of different radioactive bands 
tsolated from intestinal contents and feces of 

sample Weight | 
Dihydroxycholanie | Deoxycho- 100 | 5770 
acid band from fe- lie acid EtOAc 4 | 3000 
ces and large in- EtOAc 66 | 5550 
testine (Fig. 2) HAc-water 54 | 5000 
HAc-water 40 | 5250 
EtOH-water 31 | 5550 
Cholie acid band | Cholic acid 100 | «S300 
from feces (Fig. 2) EtOAc 82 | 4700 
EtOAe 50 | 4950 
HAc-water 48 | 5150 
HAc-water C5150 
EtOH-water 25 | 5300 
Methyl ester of 7- | Methyl es- 75 | 1000 
ketodeoxycholic ter of 7- EtOAc-light 

acid band from in- ketode- petroleum 
testinal contents oxycholic | Acetone-water 42 SOO 
and feces (Fig. 5B) acid Acetone-water 32 | S870 
EtOAc-light 27 | 835 

petroleum 
12-ketolithocholic 12-keto- 75 | 850 
acid band from fe- lithocho- | EtOAc 65 830 
ces (Fig. 3A) lie acid Acetone-water 38 | 885 
EtOAc-light 19 | 830 

petroleum 
Acetone-water 12 700 

Bile 

— 
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of 
pearing in Phase System F2 is still unknown, but one 


Metabolites Isolated with Phase Systems C1 and C2—The front 
peak in Phase System Fl was rerun with Phase System Cl. 
The chromatograms are seen in Figs. | and 2 which show the 
presence of two metabolites eluted before the main peak that 
appears at the place of cholic acid. The front peaks in Fig. 2 
consist of the remaining conjugated bile acids and are therefore 
not present in the hydrolyzed samples of Fig. 1. The cholic 
acid band (80 to 110 ml. effluent) was collected and recrystallized 
with unlabeled cholic acid without any change in the specific 
activity (Table III). 

The fractions that contain the double peak appearing before 
cholic acid were combined. These fractions from the chroma 


Intestinal contents and feces 


with Phase System C2 of the radioactive bands appearing between 40 and 70 ml. effluent in the chromato- 


Rechromatography 
grams shown in Figs. 1 and 2 (right curves). For further explanations see the text. Reference substance: 7-ketodeoxycholic acid (80 to 
110 ml. effluent). ——, radioactivity; -----, titration values. 
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same place as deoxycholic acid (Fig. 4). No change in the FI, 
ific activity was observed after several recrystallizations with with 
hi 
cholic acid. One of the bands was eluted at the place of 12- 
ketolithocholic acid, the other two being, respectively, more and 
less polar than this acid. The fractions containing 12-keto- 
lithocholic acid were recrystallized with unlabeled 12-keto- 
lithocholie acid, and the specific activity remained unchanged 
appears at the place of 3,12-diketocholanic acid (65 to 85 ml. 
effluent). Together with 12-ketolithocholic acid these com- 
pounds comprised about 10 per cent of the total labeled products 
excreted in the feces of the rats examined. Similar chroma- 
tographies were run with material from the large and small 
intestine and bile, and labeled bands appeared at approximately 
the same place as in the chromatogram shown in Fig. 3. The 
degree of transformation into these metabolites in the large 
intestine was about the same as in feces, whereas in bile and 
small intestine these metabolites comprised less than 2 per cent 
of the total radioactivity. 
30 
10 40 20 0.10 

2 

20 80 140 20 80 140 20 80 140 
mi effluent 


tograms of the intestinal contents and feces (Figs. 1 and 2) were 
rerun with Phase System C2. In this way a partial separation 
of the two peaks was obtained. Each peak was then rerun 
together with unlabeled 7-ketodeoxycholic acid in the same 
solvent system. These chromatograms are shown in Fig. 5, 
where the corresponding chromatogram of the double peak in 
bile is also seen. Both bile and the combined intestinal contents 
and feces yield a radioactive band which is eluted with the same 
rate as 7-ketodeoxycholic acid. The band from the intestinal 
contents and feces (Fig. 5B) was isolated and 7-ketodeoxycholic 
acid was added. After treatment with diazomethane, the 
methyl ester was recrystallized several times without change in 
the specific activity (Table III). 

The first part of the double peak was eluted just before 
7-ketodeoxycholic acid (Fig. 5A). Samuelsson (21) has shown 
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that synthetic 3a,73,12a-trihydroxycholanic acid appears a 
this place. The titration curve of the chromatogram of bile, 
as well as that of the chromatogram of the intestinal contents 
and feces, revealed the presence of an acidic compound being 
eluted at exactly the same place as the radioactive band. This 
band (Fig. 5A) was collected, and it weighed about 2 mg. Ap» 
aliquot was used for ascending paper chromatography with 
ethylene chloride-heptane 50:50 as moving phase and 70 per 
cent acetic acid as stationary phase. After the paper was 
sprayed with phosphomolybdic acid solution, heating revealed 
spot at the place of 3a,78,12a-trihydroxycholanic acid. The 
radioactivity coincided with this spot. The sulfuric acid 
spectrum of this metabolite was identical with that of synthetic 


3a ,78,12a-trihydroxycholanic acid, as seen in Fig. 6. The 
3a ,78,12a-trihydroxycholanic acid bands from bile and in 
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Fic. 6. Sulphuric acid spectra after ascending paper chromatography of 3a,78,12a-trihydroxycholanic acid(-----) and Peak A io 
Fig. 5. Samples heated simultaneously for 15 minutes at 60° in 65 per cent sulfuric acid. 
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Fic. 7. Rechromatography with Phase System C3 of labeled material appearing before 7-ketodeoxycholic acid in the chromatograms 
shown in Fig. 5. Reference substance: 3e,78,12a-trihydroxycholanic acid. —— radioactivity; ----- , titration values. 
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testinal contents and feces were rerun together with unlabeled 
$a,73,12a-trihydroxycholanic acid. As seen in Fig. 7, the 
elution rate of the radioactive compound was identical with that 
of the carrier added. The bands were treated with chromic 
ackl under conditions known to oxidize cholic acid to dehydro- 
cholic acid (29) and then chromatographed with Phase Svstem 
Ci. The radioactivity now moved with dehydrocholic acid 
added as carrier. 


D. Absorption and Transformation of 24-C™-labeled Cholie Acid 
and Some of Its Principle Metabolites When 
Injected into Cecum of Bile Fistula Rats 

From the previous sections it is evident that the microbial 
transformations of cholic acid in the rat mainly take place after 
the entry of the bile acid into the cecum, where several metab- 
olites of cholic acid are found. In addition to unchanged cholic 
deoxycholic, 7-ketodeoxycholic, 12-ketolithocholic and, 
very probably, 3a ,78,12a-trihydroxycholanic acids have been 
identified. In bile and intestinal contents only a small per cent 
of these metabolites are found. The question arises whether 
an absorption of bile acids from the cecum is possible, and 
whether the metabolites found are not only bacterial products, 
but have been formed through the combined action of microbial 
and liver enzymes during an enterohepatic circulation of the 
bile acids. Therefore cholic, 7-ketodeoxycholic and deoxycholic 
acils were injected into the cecum of bile fistula rats. Under 
these conditions, when the enterohepatie circulation is inter- 
rupted, it is possible to study the microbial metabolites formed 
in the cecum and their absorption and eventual transformation 
in the liver before being excreted into the bile. 

Amount Absorbed from Cecum—Less than | mg. of the labeled 
bile acid as the sodium salt in 0.2 ml. of saline was injected into 
the cecal content of bile fistula rats. 48 hours after the injection 
the rats were killed and the large intestine removed. The 
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isotope excreted in the bile was determined, as was the radio- 
activity of the combined extracts of feces and large intestine. 
The results are summarized in Table IV. Cholic, 7-ketodeoxy- 
cholic, and deoxycholic acids were absorbed to approximately 
the same extent. In some animals, the rate of biliary excretion 
of isotope was followed. A representative excretion curve is 
shown in Fig. 8 together with a curve for the excretion of orally 
administered cholic acid. The absorption from the cecum is 
much slower and less complete than that from the small intestine. 
In order to produce the smallest possible surgical trauma, 4 
control animals were injected with cholic acid 24 hours before 
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Fic. 8. Isotope excreted in the bile following the administra- 
tion of cholic acid-24-C™ per os (A——A) and into the cecum 
(O——O) of bile fistula rats. 


Taste IV 
Absorption of different C-labeled bile acids injected into cecum of bile duct-cannulated rats and rats on 
which bile fistula was performed 24 hours after injection 


Amount of bile cid given | Seat 
Recovery, 
Rat Bile acid achministered Time for administration of given 
me | tore | Bile Comm ent 
GR-I Cholie acid | 46 6 hours after cannulation | 49 
GR-Cl Cholie acid | 0.3 (| Immediately after cannula. 2 | & 
tion 
GR-C2 Cholie acid 0.25 Immediately after cannulae 
tion 
GR-D1 Deoxycholie acid | 0.9 Immediately after cannula. 74 | 66 
tion | 
GR-D2 Deoxycholic acid | | Immediately after cannula % 
tion | 
GR71 7-ketodeoxycholic | 045 120 Immediately after cannula- $$ 70 73 a 
acid tion | 
| | | 
GR-72 7-ketodeoxvcholic | 010 110 Immediately after cannula-— Sl | 21 
acid tion | 
GR-V Cholie acid 0.5 | 24 hours before cannulation 
GR-X Cholie acid 0.25 24 hours before cannulation S32 48 
GR.-Y Cholie acid 0.25 | 24 hours before cannulation 
GR-Z Cholie acid 0.25 1w 24 hours before cannulation w SS 7 
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Fic. 9. Chromatographic separations of labeled products in cecum and feces after the injection of labeled cholic, 7-ketodeoxycholie 
and deoxycholic acids into the cecum of bile fistula rats. Front bands obtained with Phase System F1 were rerun with Phase System 


C2. Reference substances: 
-----, titration. 


the bile duct cannulation. Since a small amount of the bile 
acid absorbed before cannulation has probably been lost by 
fecal excretion, the biliary excretion of isotope represents a 
minimum value for the cecal absorption in these animals. 

Microbiological Transformation of Bile Acids in Large In- 
testinal Contents and Feces—The combined ethanolic extracts of 
feces and large intestinal contents of rats, cannulated before the 
intracecal injection, were evaporated and extracted with ether 
from an acidified water solution. These extracts were subjected 
to chromatography with Phase System F1. The front peaks of 
these chromatograms were extracted with ether and rerun with 
Phase System C2. The results obtained after the injection of 
the different acids into the cecum are shown in Fig. 9. 

The major part of the cholic acid-24-C™ injected has been 
transformed into various labeled compounds which are eluted at 
approximately the same rate as the cholic acid metabolites 


holic (A), 12-ketolithocholie (B), cholic (C) and deoxycholie (D) acids. ——, radioactivity; 


isolated from feces of normal rats. In addition to the front 
band, the chromatogram with Phase System F1 shows two main 
peaks at the place of deoxycholic (D) and 12-ketolithocholic (B) 
acids. Minor radioactive peaks are seen after the 12-keto- 
lithocholic acid band. With the aid of Phase System C2 the 
front band was shown to consist of several compounds. In 
addition to unchanged cholic acid (C) some more hydrophilic 
metabolites were eluted, one of these at the place of 7-keto- 
deoxycholic acid (A). 7-Ketodeoxycholic, deoxycholic, and 


12-ketolithocholic acids were further identified by isotope — 


dilution as described in the foregoing section. When the labeled 
bands appearing before 7-ketodeoxycholic acid were rechroma- 
tographed together with unlabeled 3a,78,12a-trihydroxy- 
cholanic acid, part of the isotope appeared at the place of this 
acid. The small amount of radioactivity did not admit of 
further identification. 
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The experiments with 7-ketodeoxycholic acid showed an 
simost complete conversion of this acid. The main metabolite 
(D) was identified as deoxycholic acid by isotope dilution. 


Owing to the small amounts of radioactivity in these bands, 
No isotope 


left unchanged (D). 
Furthermore, there is a 


Nature of Bile Acids Absorbed and Excreted in Bile—It is well 


known from a large number of experiments that various bile 
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acids are completely conjugated in the liver before their execre- 
tion in the bile. Therefore, the bile samples had to be hy- 
drolyzed before being subjected to chromatography with Phase 
System Fl. After ether extraction the front peak of this 
chromatogram was rerun with Phase System C2. Fig. 10 
shows the chromatograms of the bile samples from the same 
rats as those used in the experiments shown in Fig. 9. 

After injection of labeled cholic acid into the cecum of bile 
fistula rate a large number of metabolites appear in the bile. 
Thus, radioactive bands are found at the place of deoxycholic, 
cholic, 7-ketodeoxycholic, and 3a,78,12a-trihydroxycholanic 
acids. About | per cent of the isotope is found in the form of 
compounds more hydrophobic than deoxycholic acid. If this 
picture is compared with the corresponding chromatograms of 
the fecal acids of the same rat (Fig. 9), it is seen that the ratio 
of cholic acid to deoxycholic acid is higher in the bile. This can 
partly be explained by the conversion of deoxycholice acid to 
cholic acid, which is known to take place in the rat liver (30). 
The proportion of compounds which are more hydrophobic than 
deoxycholie acid is much lower in bile than in feces. 
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Frio. 10. Chromatographic separations of the labeled products in the bile of the same rats as those used for the experiments shownin 


Fig. 9. For explanations see Fig. 9. 
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the place of 12-ketolithocholie acid, partly before cholic acid. 
In contrast to the extensive transformation of cholic and 
7-ketodeoxycholic acids, the main part of the deoxycholic acid is 
are eluted before and after cholic acid. Their nature is un- 
known. 
Cholic acid metabolites 
a/\ A 
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In our experiments, 7-ketodeoxycholic acid is the main 
labeled product in bile after the injection of this acid into the 


pound was eluted at the same place as 3a,78,12a-trihydroxy- 
cholanic acid added as carrier. The other metabolites that 
were found appeared at the places of cholic and deoxycholic 
acids. Some very small bands were eluted after the latter 
acid. As pointed out above, no cholic acid was formed in the 
cecum from 7-ketodeoxycholic acid. The cholic acid band 
found in the bile is probably cholic acid formed in the liver 
from the deoxycholic acid absorbed from the cecum. A reduc- 
tion of 7-ketodeoxycholic acid by liver enzymes, however, cannot 


acid is left unchanged in the cecum, the labeled products in bile 
will appear mainly as deoxycholic acid and its liver metabolite, 
i.e. cholic acid. The small amounts of microbial metabolites 
are also absorbed and give rise to the bile metabolites separated 
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from the cholic and deoxycholic acids. The main part of these 
metabolites is eluted before cholic acid. 


E. Metabolism of 7-Ketodeorycholic Acid 


In order to get a better idea of the enterohepatic circulation 
of the bile acids, it is necessary to know the liver metabolism of 
the individual microbial products. 

Deoxycholic acid is known to be 7a-hydroxylated in rat liver 
and the cholic acid thus formed is not further transformed (30). 
It is, however, unknown what becomes of 3a ,78 , 12a-trihydroxy- 
cholanic and 7-ketodeoxycholic acids, and the metabolism of the 
latter acid has now been investigated. 

When labeled 7-ketodeoxycholic acid was given intraper- 
itoneally to bile fistula rats, only one radioactive band which 
was eluted before cholic acid could be found in the chroma- 
tograms of hydrolyzed bile (Fig. 11, left curve). An aliquot of 
this band was rerun with Phase System C2, and the radio- 
activity appeared at the place of 7-ketodeoxycholic acid added 
as carrier (Fig. 11, middle curve). Another aliquot was reduced 
with sodium borohydride and the radioactivity was now cluted 
together with the unlabeled cholic acid that had been added 
(Fig. 11, right curve). The results thus indicate that the 7- 
ketodeoxycholie acid had been excreted unchanged in the bile. 
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Phase system C1 Phase system C2 Phase system C1! 

Fic. 11. Chromatography of hydrolyzed labeled material excreted in the bile of a bile fistula rat given 7-ketodeoxycholic acid-24-C! 
intraperitoneally. Left curve: with unlabeled cholic acid (C). Middle curve: with unlabeled 7-ketodeoxycholic acid (A). Right curve: 
with unlabeled cholic acid (C) after reduction with sodium borohydride. ——, radioactivity; -----, titration. 
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Fic. 12. Chromatography of fecal acids excreted on the second and third day after administration of 7-ketodeoxycholic acid-24-C™. 
The front bands obtained with Phase System F1 were rerun with Phase System Cl. Reference substances: cholic (C), deoxycholic (D) 
and 12-ketolithocholic (B) acids. ——, radioactivity; -----, titration. 


The peak appearing before 7-ketodeoxycholic acid in the chroma- ee 
togram was rerun with phase system C3 and the labeled com- 
| 
excluded. er inv ons is problem are de- 
scribed below, in “Section E.” | 
The chromatographic analyses of the metabolites in bile | 
after the injection of deoxycholic acid into the cecum are seen | 
in the lower curves of Fig. 10. Since most of the deoxycholic | 
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Chromatographic analysis of the labeled products excreted in 
feces of normal rats after the administration of labeled 7-keto- 
deoxy cholic acid revealed only a small amount of the unchanged 
acid (Fig. 12). The main metabolites isolated were identified 
by means of isotope dilution and proved to be deoxycholic and 
12-ketolithocholic acids. A small amount of isotope appeared 
in the cholic acid band and probably represented cholic acid 
secondarily formed by the liver from the deoxycholic acid. The 
peaks of radioactivity eluted before the 7-ketodeoxycholic acid 
have not been identified. 


Distribution of Bile Acids in Rate—By far the largest amount 
of the bile acids in the rat (which has no gallbladder) is present 
in the contents of the small intestine and the cecum. The liver 
and small intestinal wall contain only about 3 and 9 per 
cent, respectively. The bile acids are readily absorbed from the 
small intestine, and they can also be absorbed from the cecum 
although to a lesser extent and not so rapidly. The bile acids 
of the rat might, therefore, be regarded as being distributed 
between at least two pools with different times of enterohepatic 
circulation. In fasting animals the proportion of bile acids 
present in the cecum tended to be lower than in animals fed 
ed libitum. Different factors, e.g. the diet, may cause a greater 
loss of bile acids from the small intestine into the cecum, and 
the incomplete reabsorption here results in an increased fecal 
excretion of bile acids. Thus, factors influencing the distribu- 
tion of bile acids in the intestinal tract can affect the half-life 
of these acids. The important effect of the intestinal flora on 
the half-life will be discussed later. 

Microbiological Transformations of Bile Acids—The extensive 
transformation of the bile acids before they are excreted in the 
feces has been demonstrated by several investigators. Analysis 
of the radioactive bile acids in different parts of the intestinal 
tract, 3 days after the administration of labeled cholic acid to 
rats, revealed that the action of microorganisms did not start 
until the bile acids had entered into the cecum. In the small 
intestine the bile acids were found completely conjugated mainly 
with taurine, whereas in the cecum the main part was unconju- 
gated. The splitting of the peptide bond of conjugated bile 
acids is due to the action of microorganisms, ¢g. different 
strains of Clostridia and enterococci, whereas the digestive 
enzymes have no effect on these acids (3, 17). 

In addition to labeled free cholie acid, a large number of 
other radioactive compounds were found in the cecum. Several 
of these compounds could also be found in bile and small in- 
testinal contents, where they were present as conjugates. The 
ratio of metabolites to unchanged cholic acid was about the 
same in bile and small intestine, increased markedly in the 
eccum, and was still higher in feces. As is shown in Fig. 13, 
the main part of the metabolites thus formed during the entero- 
hepatic circulation of cholic acid (J) was identified as deoxy- 
cholie acid (1V), 7-ketodeoxycholic acid (11), 3a,78,12a-tri- 
acid and 12-ketolithocholie acid (V). 
Small amounts of isotope were recovered as four unidentified 
bands more hydrophobic than deoxycholic acid. 

By isolating the transformation products excreted in feces of 
bile fistula rats, into whose cecum labeled cholic acid had been 
injected, the liver metabolism of the bile acids could be excluded. 
Among the purely microbiological metabolites thus formed, 
Compounds J7, 1V, and V could be separated and identified 
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and a radioactive band was found at the place of Compound 
Ill. By the same technique it was shown that neither J] nor 
IV were end products in the microbial conversion of bile acids. 
These experiments give an idea of the microbiological trans- 
formation products that can be formed in the large intestine of 
the rat. It is reasonable to assume that the formation of these 
products can occur in various strains of bacteria. The pre- 
cursor, intermediates, and end products need not be the same in 
the different strains. It is thus obvious that the compounds 
isolated cannot be fitted in a general reaction scheme. The 
main metabolites formed from the acids 7, /7], and ]V are sum- 
marized in Fig. 13. Dotted arrows indicate the formation of 

Experiments in vitro have shown that different bacteria can 
oxidize the hydroxyl groups of cholic acid. Alcaligenes faecalis 
dehydrogenates cholic acid in stages at C-7, C-12, and C-3, 
finally producing a good yield of dehydrocholic acid (6). Various 
species of Clostridia and Escherichia coli rapidly convert cholic 
acid into 7-ketodeoxycholic acid; C-3 and C-12 are, however, 
not oxidized (31). In the present investigation it has been 

oxidize hydroxyl groups at C-7 and C-12. Thus 7-ketodeoxy- 
cholic and 12-ketolithocholie acids have been identified as 
products of cholic acid. The larger proportion of the former 
product indicates an easier oxidation of C-7 than C-12. No 
3a-hydroxy-7 ,12-diketocholanic acid (VJ) could be found. 
Its formation and subsequent rapid conversion into other 
products, ¢.g. into 12-ketolithocholic acid cannot, of course, be 
excluded. The oxidation of C-3 does not seem to be an im- 

t reaction in the rat. No labeled dehydrocholic acid 
(VII) could be found and only trace amounts of isotope were 
found at the place of dehydrodeoxycholic acid (V) in the chroma- 
tograms of feces. Several investigators have shown an oxidation 
of cholic acid to 3-keto-A*-cholanic acid derivatives (12, 15), and 
some of the unidentified labeled products might represent such 
compounds. The amount of unidentified metabolites is, how- 
ever, very small as compared with that of the identified ones. 

Experiments in vitro have shown that various intestinal 
bacteria can effect the reduction of keto groups in the cholanic 
acid nucleus (32). In our experiments on the bacterial trans- 
formation of 7-ketodeoxycholic acid it was shown that this 
acid was almost completely transformed into deoxycholic acid. 
No intermediate formation of cholic acid could be demonstrated. 
A small amount of isotope was found at the place of 3a,78, 12a- 
trihvdroxycholanic acid, as was also the case in the experiments 
with cholic acid. It seems probable that the former compound, 
normally found in the rat, is of bacterial origin. It might 
possibly be formed by a stereospecific reduction of the 7-keto- 
deoxycholie acid formed from cholic acid. 

The formation of deoxycholic acid mentioned above can take 
place either from cholic acid or 7-ketodeoxycholie acid. Micro- 
organisms capable of carrying out these reactions are not known. 
Common intestinal microorganisms, ¢.g. E. coli and Clostridia, 
form 7-ketodeoxycholic acid as an end product from cholic acid. 
It is, therefore, reasonable to assume that at least some of the 
deoxycholie acid has been formed indirectly from cholic acid 
via 7-ketodeoxycholic acid. Whether the latter acid is a neces- 
sary intermediate in the formation of deoxycholic acid cannot 
be decided in our experiments. Studies on the reaction mech- 
anism with the aid of 73-T-cholie acid are being made at this 
Institute. 
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No evidence has been obtained for a removal of a hydroxy! or 

keto group at C-12 analogous to the reaction at C-7. 

jc Circulation of Cholic Acid—From the foregoing 
it is evident that the conjugated bile acids are extensively 
hydrolyzed by the large intestinal microorganisms, which also 
produce several oxidation and reduction products of cholic acid. 
The degree of conversion and the relative proportions of the 
metabolites formed vary in different animals. A slow and 
incomplete bile acid absorption occurs in the cecum, and the 
microbial metabolites appear in the bile. Our experiments have 
shown that deoxycholic and 7-ketodeoxycholic acids formed 
from cholic acid in the cecum are absorbed and can be found as 
taurine conjugates in the bile. These results are in accordance 
with the finding that the deoxycholic acid present in human and 
rabbit bile is formed through a bacterial action on cholic acid 
during the enterohepatic circulation (8-10). 

The extent of bile acid absorption from the cecum during the 
normal enterohepatic circulation cannot be assessed in the 
present investigation. The ratio in the bile of cholic acid to its 
bacterial metabolites is of no value for this estimation since two 
of the main metabolites are partly reconverted to cholic acid 
during the enterohepatic circulation. 7-Ketodeoxycholic acid is 
not metabolized by the rat liver but can be transformed in the 
cecum to deoxycholic acid, which by rat liver enzymes is hy- 
droxylated to cholic acid. 

As mentioned before, the intestinal flora has a dominating 


influence on the rate of fecal excretion of bile acids. Thus the 
half-life of cholic acid is about 5 times longer in germ-free than 
in normal rats (3). It might be possible to explain this finding 
by assuming the formation of microbial transformation products 
practically unabsorbable from the cecum. Our experiments, 
however, do not support the existence of such a mechanism. 


Cholic acid-24-C™ was given intraperitoneally to rats and the 
animals were killed after different periods of time. The distribu- 
tion of isotope in the body and the nature of the labeled products 
in bile, intestinal contents, and feces were studied. The follow- 
ing results were obtained: 

1. By far the greatest part of the isotope not excreted was 
present in the contents of the small and large intestine, mainly 
in the former. Only about 9 and 3 per cent were found in the 
small intestinal wall and liver, respectively. 

2. In bile and small intestinal contents the bile acids occur in 
a conjugated form, whereas in the large intestine free bile acids 
are mainly found. 

3. During the enterohepatie circulation the cholic acid is 
partly transformed. The amount of metabolites thus present is 
much higher in the large intestine than in the small intestine 
and bile. 

4. The main metabolites were found to be 3a,78,12a-tri- 
hydroxycholanie acid, 3a,12a-dihydroxy-7-ketocholanic acid, 
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deoxyeholie acid and 3a-hydroxy-12-ketocholanic acid. Small 
amounts of at least four unidentified labeled compounds, one of 
them possibly 3, 7-diketocholanic acid, were also found. 

In order to investigate the formation of cholic acid metab- 
olites, cholie acid-24-C™, 3a , |2a-dihydroxy-7-ketocholanic acid- 
24-C™ and deoxycholic acid-24-C™ were injected into the cecum 
of bile fistula rats. The nature of the labeled products in bile 
and feces was studied and the following results were obtained: 

1. Among the purely microbial metabolites of cholic acid, 
3a, 12a-dihydroxy-7-ketocholanic, deoxycholic and 3a-hydroxy- 
12-ketocholanic acids were identified. Several unidentified 
products were found, one of them was probably 3a,78,12a- 
trihydroxycholanic acid. 3a, 12a-dihydroxy-7-ketocholanic acid 
was mainly transformed into deoxycholic acid. Deoxycholic 
acid was only slowly metabolized by the microorganisms to 
unidentified compounds. 

2. More than 5O per cent of the isotope injected into the 
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cecum was recovered in the bile. Chromatographic separation 
of the labeled products after hydrolysis showed the presence of 
radioactive bands at the point corresponding to the unchanged 
acid injected, as well as at the points corresponding to its prin- 
cipal microbial metabolites. The main part of the deoxycholic 
acid formed was converted to cholic acid during the liver pas- 
sage. No transformation of 3a, 12a-dihydroxy-7-ketocholanic 
acid in the liver was observed. 

The implications of these findings have been discussed. 
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Recent experiments with soluble enzymes from human placenta 
have demonstrated that certain steroid hormones, notably 
estradiol-178 and testosterone, may function as coenzymes in 
the transfer of hydrogen between the reduced and oxidized forms 
of di- and triphosphopyridine nucleotides (1): 


TPNH + DPN* = DPNH + TPN* 
The enzymatic basis of this steroid-mediated transhydrogenation 
has been ascribed to the reversible oxidation of the steroids by 
hydroxysteroid dehydrogenases which react at comparable rates 
with both DPN and TPN (1, 2). Hydroxysteroid dehydro- 
genases are a class of enzymes which catalyze the interconversion 
of specific hydroxy] and ketone groups of steroids with the direct 
participation of pyridine nucleotides as hydrogen carriers (3). 
It has been suggested that hydroxysteroid dehydrogenases 
with dual nucleotide specificity may generally function as 
pyridine nucleotide transhydrogenases, and that the steroids 
may be more properly regarded as the hydrogen carriers and 
the pyridine nucleotides as substrates in these reactions (1). 
Thus, a 178-hydroxysteroid dehydrogenase of human placenta 
(4) which interconverts estradiol-178 and estrone may function 
as a pyridine nucleotide transhydrogenase by virtue of the fol- 
lowing coupled reactions (1): 

Estradiol + DPN* = Estrone + DPNH + H* 


H* + Estrone + TPNH == Estradiol + TPN* 
Sum: TPNH + DPN* = DPNH + TPN* 


Although few mammalian hydroxysteroid dehydrogenases 
have been adequately characterized, it would appear probable 
that separate catalytic proteins are concerned with oxidations 
of hydroxy! groups at positions 3a, 38, 118, 178, 20a, and 208 
of steroids (3). These enzymes bind steroids tenaciously and 
are highly specific for the position and steric configuration of 
the groups attacked. An outstanding feature of several of the 
animal tissue hvdroxysteroid dehydrogenases is their ability 
to react with DPN and TPN (1). The peculiar efficiency of 
steroid hormones in the role of coenzymes of transhydrogenation 
has been attributed to this dual nucleotide specificity, as well 
as to: (a) the extremely low Michaelis constants for steroids, 
and (6) the freely reversible nature of the reactions catalyzed 
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by these enzymes. These steroid-mediated transhydrogenatioa 
reactions are associated with the soluble or microsome fractions 
of the cell. They appear to be distinct from the pyridine 
nucleotide transhydrogenases of animal tissue mitochondris 


(5) and the soluble transhydrogenase of Pseudomonas fluores. 


cens (6) which were discovered by Kaplan et al. 

These considerations prompted an examination of the catalysis 
of transhydrogenation by other hydroxysteroid dehydrogenases 
in conjunction with appropriate steroids. In the present ex. 
periments, it will be shown that purified rat liver 3a-hydroxy- 
steroid dehydrogenase (7) in the presence of minute amounts 
of androsterone or certain other 3a-hydroxy- or 3-ketosteroids 
may catalyze the efficient transfer of hydrogen between di- 
and triphosphopyridine nucleotides. These results extend 
the general significance of the proposition that steroid hormones 
may function as coenzymes of transhydrogenation between 
pyridine nucleotides, and that many of the biochemical effects of 
steroid hormones may be attributed to their control of this central 
mechanism (1). 


EXPERIMENTAL 


Experiments to demonstrate steroid-mediated pyridine nucleo- 
tide transhydrogenation were carried out with preparations of 
3a-hydroxysteroid dehydrogenase of varying purity. Since 
the conditions required for the demonstration of this reaction 
are extremely critical, and vary with the purity of the enzyme, 
the experiments with relatively crude and with more purified 
enzyme preparations are detailed separately. 

Observations with Crude Preparations of 3a-Hydroryateroid 
Dehydrogenase—Rat liver homogenates were prepared in 0.25 
M sucrose and subjected to centrifugation at 105,000 x g for 
60 minutes. The supernatant fluid was fractionated with am- 
monium sulfate and the material which precipitated between 50 
and 70 per cent saturation was collected. The 3a-hydroxysteroid 
dehydrogenase activity was determined by measuring DPN 
reduction in the presence of androsterone at pH 8.3, as described 
under “Methods.” This ammonium sulfate fraction invariably 
reduced TPN rapidly in the presence of glucose-6-phosphate 
or of isocitrate. Pyridine nucleotide reduction was measured 
optically in reaction systems containing the enzyme, 200 ymoles 
of Tris buffer pH 8.3, 1 umole of MnCl,, 1.5 smoles of isocitrate, 
and 1.4 gmoles of DPN. The effects of the further addition of 
androsterone (10 yg.) and of TPN (0.05 umole), singly and in 
combination, were also examined. 

Fig. 1 shows that there is a moderately rapid reduction of 
DPN in this system (Vessel 1) which, by separate experiment, 
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was shown to depend for the most part on the presence of 
jsocitrate. The rate of reduction of DPN was very slightly 
stimulated in the presence of androsterone (Fig. 1, Vessel 3). 
It may be seen also that the expected additional amount of 
DPNH is formed initially by the oxidation of the steroid. At 
15 minutes, 0.05 wmole of TPN was added to duplicates of these 
reaction vessels. The TPN was instantaneously and completely 
reduced. In the absence of steroid the reduction of DPN 
continued at a rate similar to that observed without TPN 
(Vessel 2). In contrast, the presence of androsterone caused 
an approximately 2-fold stimulation of DPN reduction (Vessel 
4). These results suggested the operation of a steroid-dependent 
transhydrogenation reaction in the system described. How- 
ever, this interpretation is not unequivocal because of the 
relatively rapid rate of reduction of DPN in the absence of 
added steroid. 

Upon dialysis of the ammonium sulfate-precipitated enzyme 
and further fractionation with acetone at 0 to — 10°, prepara- 
tions were obtained which still contained an active TPN- 
isocitric dehydrogenase, but which behaved in a variable manner 


_ when studied by experiments of the type described in Fig. 1. 


In some preparations, the results were quite similar to those 
indicated in Fig. 1, whereas with other enzyme preparations, 
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Fie. 1. Effect of androsterone and of TPN on the reduction of 
DPN by an ammonium sulfate fraction (50 to 70 per cent) of rat 
liver homogenate. All 4 reaction vessels contained in a volume 
of 3 ml.: 200 smoles of Tris buffer, pH 8.3, 1 smole of MnCl», 1.5 
smoles of isocitrate, 1.4 smoles of DPN, 0.01 mil. of dioxane, and 
enzyme equivalent to 20 mg. of original wet weight of liver. 
Cuvettes 3 and 4 contained in addition 10 yg. of androsterone 
(dissolved in the dioxane). To Cuvettes 2 and 4, 0.06 smole of 
TPN was added at 15 minutes. The reaction was followed by 
measuring changes in absorption at #40 my against « control 
which contained no pyridine nucleotides or steroid. The tem- 


perature was 25°. 
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Fig. 2. Stimulation by androsterone of DPN reduction in the 
presence of isocitrate and the inhibitory effect of TPN. Both 
reaction vessels contained in a 3 mil. system: 200 umoles of Tris 
buffer, pH 8.3, 1.0 smole of MnCls, 1.5 smoles of isocitrate, 1.4 
smoles of DPN, 0.01 ml. of dioxane, and 0.1 ml. of a 30 to 40 per 
cent acetone fraction derived from a dialyzed # to 70 per cent 
ammonium sulfate fraction of a rat liver homogenate. 10 yg. of 


a marked stimulation (3- to 4-fold) of DPN reduction occurred 
in the presence of small amounts of androsterone without added 
TPN. In fact, upon the addition of TPN (which is rapidly 
reduced to TPNH) this reduction of DPN was suppressed, as 
q The enzyme preparation used for this ex- 


its presence a slow reduction of DPN was 
(Fig. 2). The presence of 10 yg. of androsterone re- 
sulted in a rapid production of DPN H to the approximate amount 
expected for oxidation of the androsterone to androstane-3 , 17- 
dione. Subsequently, the rate of reduction of DPN was ap- 


887 
° 
| 4 
© 
nt 
androsterone were present in the 0.01 ml. dioxane added to one 
cuvette. At 90 minutes 0.06 smole of TPN was added to both 
cuvettes. Readings of absorbance at 340 my were made at inter- 
vals against a blank cuvette containing all ingredients except 
nucleotides and steroid. The temperature was 25°. 
At 90 minutes, 0.06 smole of TPN was added to both of the reac- 
tion systems. The TPN was rapidly reduced to completion, 
res and the further reduction of DPN was almost entirely sup- 
pressed im each case. These results suggested that DPN 
reduction was occurring at the expense of isocitrate, and that 
this reaction was stimulated greatly by androsterone. The 
inhibitory effect of TPN in some of these preparations seemed 
| puzzling at first, but further experiments with more purified 
enzymes clearly established the participation of TPN and 
provided insight into the nature of its inhibitory effect. 
| Purification of 3a-Hydrorysteroid Dehydrogenase—The puri- 
fication of rat liver 3a-hydroxysteroid dehydrogenase described 
by Tomkins (7) was modified to eliminate the ethanol fractiona- 
Po tion step which caused interference with pyridine nucleotide 
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Fic. 3. Transhydrogenation from generated TPNH to DPN 
in the presence of androsterone. The separate graphs obtained 
from a single experiment show the requirement for steroid (Curves 
1, 2 and 4); TPN (Curves 3 and 4); and DPN (Curves & and 6). 
All reaction vessels contained in a 3.0 ml. system: 200 smoles of 
Tris buffer, pH 8.3, 10 wmoles of glucose-6-phosphate, an excess 
of purified yeast glucose-6-phosphate dehydrogenase, 0.01 ml. of 
dioxane and 2.5 mg. of purified 3a-hydroxysteroid dehydrogenase. 
2 wg. of androsterone (in the dioxane) were present initially in 
Vessels 1, 3 and 5, and were added to Vessel 2 at 40 minutes, and 
Vessel 4 at 100 minutes. 0.02 smole of TPN was present in Ves- 
sels 1, 2, 5, and 6 initially and added to Vessels 3 and 4 at time 
40 minutes. 1.4 smoles of DPN were present in Vessels 1, 2, 3, 
and 4 initially, and were added to Vessels 5 and 6 at time 70 min- 
utes. Measurements were made of absorbance at 340 my against 
a control cuvette containing no nucleotides and no steroid. The 


temperature was 25°. 


reduction measurements since the enzyme preparation some- 
times contained alcohol dehydrogenase. 

The purified enzyme was prepared as follows: Minced livers of 
male adult rats were homogenized in 40 gm. batches in a slow- 
running Waring Blendor for 1 minute at 60 volts with 160 ml. 
of a medium consisting of either 0.25 sucrose or 0.001 « EDTA! 
and 0.003 mu NaHCO, 


° 


fuged at 105,000 « g for 45 minutes and the supernatant fluid 
was fractionated by the addition of recrystallized ammonium 
sulfate into 3 fractions corresponding to 0 to 40, 40 to 50, and 
50 to 70 per cent saturation. The pH was maintained at 
neutrality by adding 1 wm NHOH. Each fraction was removed 
by centrifugation at 3000 x g for 30 minutes and dissolved in 
0.01 mu Tris, 0.002 wm EDTA, pH 74. Nearly all the 3a-hy- 
1 The abbreviations used are: APDPN and APDPNH, oxidized 


and reduced forms of the 3-acetyl pyridine analogue of DPN; 
Tris, tris(hydroxymethyl)aminomethane; and EDTA, ethylene- 
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droxysteroid activity was found in the 50 to 70 per cent am. 
monium sulfate fraction. The latter was dialyzed for 2 hours 
against several changes of 0.01 « Tris, 0.002 w EDTA, pH 7.4. 
There was usually an apparent increase in activity upon dialysis, 
The dialyzed enzyme was then fractionated by the addition of 
acetone, lowering the temperature progressively to —10’, 
The major activity was usually precipitable when the concentra. 
tion of acetone reached 40 to 3O per cent. The precipitates 
were rapidly centrifuged at — 10°, redissolved in a small volume 
of 0.01 m Tris, 0.002 w EDTA, pH 7.4. Without delay, the 
most active preparations were fractionated with a saturated 
solution of recrystallized ammonium sulfate neutralized to pH 
7.0 with NH OH. The enzyme activity was precipitated be. 
tween 45 to 75 per cent ammonium sulfate saturation. This 
procedure resulted in enzyme preparations having s«pecific 
activities of about 20 to 30 units per mg. of protein and represent- 
ing a 20-fold purification over the supernatant fluid of the 
initial homogenate. The recoveries of the total enzyme activity 


were relatively small. 

Transhydrogenation by Purified 3a-Hydrorysteroid Dehy- 
activities of isocitric or glucose-6-phosphate dehydrogenases. 
TPNH was continuously generated by an externally added 
reducing system, for which purpose purified yeast glucose-6- 
phosphate dehydrogenase and glucose-6-phosphate were used. 
The reduction of DPN at the expense of generated TPNH in 
the presence of 23 * 10°* w androsterone is shown in Fig. 3. 
The absolute requirements for TPN, DPN and for steroid are 
indicated in the separate graphs based on a single experiment. 
Androstane-3,17-<dione ix equally effective as androsterone 
(see below), and hence, these observations are consistent with 
the formulation of the following coupled reactions: 

Glucose-6 phosphate + TPN* — 6 Phosphogluconate 

+ TPNH + H* 


H* + TPNH + Androstane 
3.17-dione = Androsterone + TPN* 


DPN* + Androsterone — Androstane3,17-dione 
+ DPNH + H* 


Sum: Glucose-6 phosphate + DPN* = 6 Phosphogluconate 
+ DPNH + H* 


Transhydrogenation from Added TPNH—The experiments 
described hitherto have shown that androsterone will mediate a 
hydrogen transfer from TPNH to DPN in the presence of rat 
liver 3a-hydroxysteroid dehydrogenase. In the above experi- 
ments, TPNH was generated enzymatically from TPN by either 
isocitric dehydrogenase present in the enzyme preparations or 
by the addition of purified yeast glucose-6-phosphate dehydro- 
genase and the appropriate substrates. TPNH as such may 
also participate in the steroid-dependent transhydrogenation 
to DPN. 


of the absorption of TPNH (8): 
TPNH + DPN* = DPNH + TPN* 


H* + DPNH + CH,CHO = DPN* + C,H,OH 
Sum: H* + TPNH + CH,CHO = TPN* + C,H,OH 
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Taste I 
Transhydrogenation from added TPNH to DPN in the 
presence of androsterone 
enidleed 
Complete system*. 
Steroid omitted ....... 45 
DPN and steroid omitted. 47 
DPN, steroid, CH,CHO, and alcohol dehy- 
drogenase omitted. 47 


* The complete system contained in a volume of 3 ml.: 200 
pmoles of Tris buffer, pH 8.3, 0.15 smole of TPNH, 1.4 smoles of 
DPN, 2 smoles of acetaldehyde, 2 sg. of androsterone in 0.01 ml. 
of dioxane, 2 sg. of crystalline yeast aleohol dehydrogenase, and 
2.5 mg. of purified Ja-hydroxysteroid dehydrogenase (21 units). 
Readings of absorbance at }40 my were taken at intervals against 
a blank cuvette containing no steroid and no nucleotides. The 


temperature was 25°. 


The enzyme preparation used in this experiment catalyzed 
an oxidation of TPNH without other additions, but the rate of 
this reoxidation was unaffected by the presence of DPN, acetal- 
dehyde, or aleohol dehydrogenase. However, upon the further 
addition of androsterone (23 < 10°* w), the reoxidation of 
TPNH was significantly increased (Table 1), thus providing 
evidence for a steroid-mediated transfer of hydrogen from 
TPNH to DPN, 

which are necessary for transhydrogenation are of interest in 
evaluating the potential physiological role of these reactions. 
At pH 8.3 in Tris buffer a measurable rate of transhydrogenation 
was observed at 1.15 10° w androsterone or etiocholan-de- 
ol-17-one (Fig. 4). Maximal rates were obtained with 1.5 x 
10°* etiocholan-3a-ol-I7-one and 5 10°* androsterone. 
The maximal rate with etiocholan-3a-ol-17-one was about double 
that obtained with androsterone. Each steroid showed some 
tendency to inhibit the reaction at higher concentrations. In- 
hibitions at high substrate concentrations have been observed 


in several hydroxysteroid dehydrogenase reactions and have 
been interpreted in terms of the formation of inactive bimolecular 
complexes (9). Accurate measurements of the Michaelis con- 
stants for the first enayme-steroid complex have not yet been 
completed, but it would appear that these values are in the 
vicinity of | < 10°* w for both androsterone and etiocholan-3a- 
ol-17-one. 

The faster rate of transhydrogenation with etiocholan-3a- 
ol-17-one than with androsterone is consistent with the more 
rapid oxidation of the former by the enzyme. In 
experiments in which the rate of reduction of DPN was measured 
in the presence of substrate concentrations of the two steroids 
in Tris buffer, pH 8.3, etiocholan-3a-ol-17-one was oxidized about 
1.5 times as rapidly as androsterone (Fig. 5). The influence of 
steroid concentration on the velocity of dehydrogenation ap- 
pears to accord with Michaelis-Menten kinetics without signif- 
icant inhibition at high steroid concentrations in the range 
examined. It can also be seen that the concentrations of steroid 
required for saturation in the dehydrogenase assay are nearly 
10 times as large as for the transhydrogenase reaction. 

Steroid Specificity—A variety of steroids were examined for 
their capacity to mediate transhydrogenation. In general only 
those steroids bearing a 3a-hydroxy! or an unconjugated 3-ke- 
tone group were active in this respect. Table Il shows that 
etiocholan-3a-ol-I7-one, pregnane-3e , 17 ,21-triol-11 ,20-dione 
(tetrahydrocortisone), androsterone, and androstane-3 , 17-dione 
promoted transhydrogenation. All of these compounds are sub- 
strates for Ja-hydroxysteroid dehydrogenase (7). In contrast, 
epiandrosterone (androstan-33-ol-l7-one) promoted transhy- 
drogenation as efficiently as androsterone. Upon examination 
of the enzyme preparation in a dehydrogenase assay with sub- 
strate amounts of epiandrosterone, a slow reduction of DPN was 
observed, at about 12 per cent of the rate for androsterone. It 
would appear that the enzyme preparation is contaminated 
by small amounts of a pyridine nucleotide-linked 33-hydroxy- 
steroid dehydrogenase. The activity of this 33-hydroxysteroid 
dehydrogenase is insufficient to account for the observed rate 
of transhydrogenation. However, the product of the action of 
the latter enzyme on epiandrosterone is presumably androstane- 
3,17-dione which has already been shown to be effective in 


in 0.05 mil. of dioxane. 


Fia. 4. Effect of steroid concentration on rate of transhydrogenation from generated TPNH to DPN. Conditions of this experiment 
were identical to those of Cuvette | of Fig. 3, except that varying amounts of androsterone or etiocholan-Ja-ol-l7-one were present 


studied and are expressed as change in absorbance at 340 my per hour. 
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Fic. 5. Rates of dehydrogenation of various concentrations of androsterone and etiocholan-3a-ol-17-one by purified rat liver Je- 
hydroxysteroid dehydrogenase. Reaction vessels contained in a 3 ml. system: 200 smoles of Tris, pH 8.3, 0.7 smole of DPN, steroid 
in 0.025 ml. of dioxane, and 0.025 ml. of enzyme (1.25 mg. protein). Measurements of absorbance at 340 my were made against blank 
cuvettes containing dioxane but no steroid. The temperature was 25°. 


Taste II 
Rates of transhydrogenation with various steroids 
ml. 
Active 
Etiocholan-3a-ol-l7-one............... 10 381 
Pregnane-3a, 17 ,21-triol-11 ,20-dione 
(Tetrahydrocortisone).............. 10 226 
3t 180 
Androstane-3,17-dione. ............... 10 134 
Epiandrosterone...................... 10 197 
Epiandrosterone...................... | 1 115 
Inactive 
Testosterone............ 10 0 
17-Epitestosterone.................... 10 5 
| 10 1 
10 | 0 


* Reaction systems contained in a volume of 3 ml.: 200 smoles 
of Tris buffer, pH 8.3, 1.4 wmoles of DPN, 0.02 umole of TPN, 10 
umoles of glucose-6-phosphate, an excess of purified yeast glucose - 
6-phosphate dehydrogenase, stated amounts of steroids in 0.01 
ml. dioxane, and 2.5 mg. of purified 3a-hydroxysteroid dehy- 
drogenase. In the absence of steroid, between 5 and 20 mymoles 
of reduced pyridine nucleotide accumulated per hour, and this 
blank value has been subtracted from the figures given. The 
major part of this blank was due to the slow reduction of DPN 
by our preparations of glucose-6-phosphate dehydrogenase. 

t This concentration was selected because it appeared to be 
near optimum (compare Fig. 4). 


promoting transhydrogenation by 3a-hydroxysteroid dehydro- 
genase. Other steroids not bearing a 3a-hydroxyl or reducible 
3-ketone group were inactive, ¢.g. testosterone, 17-epi 
terone, estradiol-178, estrone, cortisol (4-pregnene-118 , 17 ,21- 
triol-3,20-dione), and diethyistilbestrol. These compounds 
also did not reduce pyridine nucleotides in the presence of the 
enzyme preparation. 


Hydrogen lon Concentration and Conanderations of Equilibrium 
Constante—The hydrogen ion concentration critically influences 
the rate of the transhydrogenation process by the estradiol-178 
mediated placental enzyme (1). The pH optima for the trans- 
hydrogenation with androsterone and etiocholan-3a-ol-17-one 
are both at about 8.0 to 8.4 (Fig. 6). These optima undoubtedly 
represent the over-all operation of a variety of complex factors, 
apart from the ionization of the activating protein. Among 
these factors, the equilibrium constants of the reactions, as 
well as the binding constants of individual components of the 
reactions are all probably of great importance. The equilib- 
rium constants for the following reactions have been accurately 
determined at 25° with the aid of the highly purified bacterial 
3a-hydroxysteroid dehydrogenase: androsterone + DPN* 
androstane-3,17-dione + DPNH + and etiocholan-de- 
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Fic. 6. Effect of pH on transhydrogenation from generated 
TPNH to DPN, catalyzed by androsterone and etiocholan-ta-ol- 
17-one. Experimental conditions were similar to those of Cuvette 
1 of Fig. 3, except as follows: 2 sg. of either androsterone or 
etiocholan -3a-ol-17-one; 200 smoles of Tris buffers of varying pH 
were used. Velocities calculated from linear slopes of plots of 
absorbance against time. 
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ol-\7-one + DPN* = etiocholane-3,17-dione + DPNH + H*. 
If these equilibrium constants are expressed as follows: 


the value of K = 742 < 10-* for androsterone which has an 
axial hydroxyl group, and K = 1.57 < 10-* for etiocholan-3a- 
ol-17-one which bears an equatorial hydroxyl group (9). Now, 
the free energy changes for the reactions DPN + H — DPNH 
and TPN + H ~— TPNH have been shown to be the same 
by several independent procedures (10). The equilibrium ex- 
pression may therefore be written as follows: 


[Ketone] DPNH + TPNHIH*! 
[Aleohol[DPN* + TPN*] 


Under experimental conditions such as those described in Figs. 
3 and 6, it may be assumed that the total TPN exists at all times 
in the reduced form and that [TPN*] is negligible, whereas 
[TPNH] is constant. Hence at pH 8.3, under the conditions 
for which linear reaction rates obtain for at least 1 hour, the 
mean ratio of concentrations of steroid ketone to steroid alcohol 
prevailing at 30 minutes is as follows: androstane-3,17-dione to 
androsterone = 16 and etiocholane-3,17-dione to etiocholan- 
Sa-ol-17-one = 2. It is to be expected that the most rapid 
transhydrogenation for these steroid pairs occurs in the pH region 
where the concentration ratios of ketone to alcohol are such as 
to assure that significant amounts of each are present. The 
placental enzyme which interconverts 178-hydroxy! and 17-ke- 
tone groups functions best as a transhydrogenation system near 
pH 7.4. The equilibrium constant for the interconversion of 
173-hydroxy! and 17-ketosteroids is considerably higher than 
that for the interconversions at the 3 position of the steroid 
skeleton. Thus, K = 378 x 10~* for the oxidation of testos- 
terone (9). The optimal pH of 74 for transhydrogenation 
with the placental enzyme is consistent with the requirement 
for the simultaneous presence of significant amounts of hydroxy- 
and ketosteroids in the reaction system. 

Transhydrogenation Studies with Analogue of DPN —Through 
the excellent work of Kaplan ef al., a series of interesting analogues 
of the naturally occurring pyridine nucleotides has been syn- 
thesized. The 3-acetylpvridine analogue of DPN(APDPN) 
has a —CO-CH, group in place of the —CO-NH, group at 
position 3 of the pyridine ring (11). APDPN can replace DPN 
in many DPN-linked dehydrogenase reactions (12). Andro- 
sterone reduces APDPN in the presence of 3a-hydroxysteroid 
dehydrogenase at nearly the same rate as DPN or TPN on a 
molar basis. The spectral characteristics of APDPNH (absorp- 
tion maximum at 365 my) make it especially suitable for de- 
monstrating transhydrogenase reactions, since the necessity for 
additional analytical enzymes is obviated. A steroid 
transfer of hydrogen from added DPNH to APDPN has been 
shown to occur with 3a-hydroxysteroid dehydrogenase (Fig. 7). 
These results are in accord with the following mechaniem: 


H* + DPNH + Androstane-3,17-dione — DPN* + Androsterone 


APDPN* + Androsterone — H* + APDPNH 
+ Androstane- 
3, 17-dione 


Ke 


Sum: DPNH + APDPN* — APDPNH + DPN* 
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0.02 MOLES TPN 


Fie. 7. Hydrogen transfer from DPNH to APDPN catalyzed 
by varying amounts of androsterone. Effect of delayed addition 
of TPN. The reaction vessels contained in a 3 mi. system: 200 
smoles of Tris buffer, pH 8.3, 0.5 smole of DPNH, 2.5 smoles of 
APDPN, 0.05 ml. of dioxane containing 0, 1, 2, or 5 ug. of andro- 
sterone, and 2.5 mg. of purified rat liver Ja-hydroxysteroid dehy- 
drogenase. At 45 minutes, 0.02 umole of TPN was added to all 
cuvettes. Readings of absorbance at 400 my were taken at inter- 
vals against a control cuvette containing no APDPN and no 
steroid. The temperature was 25”. 


Since DPNH has insignificant absorption at 400 my, whereas 
the extinction of APDPNH at this wave length is about one- 
third of that at the maximum (365 my), it is possible to follow 
this reaction directly by observing the increase in absorbance 
at 400 my. From Fig. 7 it may be seen that 1, 2, and 5 yg. of 
androsterone in systems of a 3 ml. volume showed an increasing 
stimulation of transhydrogenation. In these studies with 
APDPN, a significant rate of hydrogen transfer occurred in 
the absence of added steroid, whereas the hydrogen transfer 
between natural pyridine nucleotides was entirely steroid- 
dependent. The steroid independent component of the trans- 
hydrogenase reaction to APDPN decreased as the enzyme was 
purified. Presumably this component is catalyzed by a variety 
of extraneous flavoproteins in the enzyme preparation. Weber 
and Kaplan (13) have observed that various flavin-containing 
enzymes promote the transfer of hydrogen from TPNH or DPNH 
to certain pyridine nucleotide analogues such as APDPN which 
has a higher oxidation-reduction potential than the natural 
nucleotides. The addition of as little as 0.02 ymoles of TPN 
to the system catalyzing hydrogen transfer from DPNH to 
APDPN completely suppressed the steroid-dependent com- 
ponent of this reaction and only slightly inhibited the steroid- 
independent reaction. A possible explanation is that this effect 
is occasioned by the displacement of DPNH and APDPN from 
the enzyme surface by TPN. 


Materiala and Preparations—DPN, TPN, DPNH, and 
APDPN were obtained from the Pabst Laboratories, Milwaukee, 
Wisconsin. Tris(hydroxymethyl)aminomethane, the sodium 
salt of glucose-6-phosphate, and the trisodium salt of isocitric 
acid were obtained from the Sigma Chemical Company, St. 
Louis, Missouri. The enzymatic assay of the isocitrate with 
isocitric dehydrogenase indicated approximately 15 per cent 
of reactive material. Commercial acetaldehyde was freshly 


ed 
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distilled and stored at —15°. Crystalline yeast alcohol de- 
hydrogenase was obtained from the Nutritional Biochemical 
Corporation, Cleveland, Ohio. All steroids were synthesized 
by standard procedures or obtained commercially and purified 
until physical constants agreed with those given in the literature. 
Yeast glucose-6-phosphate dehydrogenase was prepared by 
the method of Kornberg and Horecker (14) and was a gift of 
Dr. G. 8. Gotterer and Mrs. R. Hadfield. Dioxane was treated 
with ferrous sulfate, distilled through a fractionating column, 
and stored frozen. Ammonium sulfate (c.p.) was recrystal- 
lized from glass-distilled water, containing 2 gm. of EDTA 
per L, adjusted to pH 8.0 with NH OH. 

measurements were conducted in 
cuvettes of 1 cm. optical path length in a Beckman model DU 
spectrophotometer equipped with thermostatic control of the 
cell compartment to maintain reaction temperatures at 25°. 
The 3a-hydroxysteroid dehydrogenase activity was measured in 
3.0 ml. systems containing 200 ymoles of Tris buffer, pH 8.3, 
0.7 umole of DPN, 20 yg. of androsterone in 0.01 ml. of dioxane, 
and appropriate amounts of enzyme. Optical density readings 
were taken at 340 my at 15 second intervals against a blank 
cuvette containing all ingredients except the steroid. Velocities 
were calculated from the initial changes in absorbance with time. 
1 unit of dehydrogenase activity is defined as the amount of 
enzyme required to produce a change in absorbance of 0.001 
per minute under these conditions. 


The proposal has been made that the role of hydroxysteroid 
dehydrogenases with dual pyridine nucleotide specificity is to 
function as transhydrogenases (1). The steroids are visualized 
as hydrogen carriers or coenzymes which undergo alternate 
oxidations and reductions and thereby transfer hydrogen be- 
tween two types of pyridine nucleotides. The experimental 
basis for this proposal was the finding that soluble hydroxy- 
steroid dehydrogenases from placenta, reacting with estradiol- 
178 or testosterone, could promote transhydrogenation. In 
the present experiments, additional support for this view has 
been obtained through the demonstration that rat liver 3a- 
hydroxysteroid dehydrogenase may, under selected conditions, 
also function as a transhydrogenase between pyridine nucleo- 
tides. Through their regulation of transhydrogenation, steroid 
hormones may exercise a controlling influence over various 
metabolic reactions, and thereby account for many of the known 
biochemical effects of these hormones (1). 

It has already been suggested (1) that the special features 
of hydroxysteroid dehydrogenases, which favor their function 
as transhydrogenases are related to two properties: (a) equilib- 
rium constants favoring ready reversibility under suitable 
conditions of pH, and (6) extremely low Michaelis constants 
for both oxidized and reduced forms of the steroids. These 
two factors operating in conjunction would favor saturation 
of the enzyme with both forms of the steroid and hence would 
tend to maximize rates of reaction in both directions, thus 
promoting efficient transfer of hydrogen between nucleotides. 

The experimental conditions necessary for the demonstration 
of transhydrogenation are sensitive to the concentrations of 
pyridine nucleotides, steroids, and hydrogen ions. The pH 
optimum for transhydrogenation by 3a-hydroxysteroids is in 
the range of 8.0 to 8.4. This is about one pH unit higher than 
that of the placental enzyme which reacts with estradiol-178. 
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Thus, there appears to be a close correlation between the pH 
optimum for transhydrogenation and that required for the 
existence of comparable concentrations of hydroxy- and keto- 
steroids. 

Experiments showing a competition between nucleotides in 
the transhydrogenase reaction point to the probability of a 
single binding site on the enzyme for both the pyridine nucleotide 
acting as hydrogen donor and that acting as hydrogen acceptor. 
The affinity of the transhydrogenase for TPN(H) appears to be 
much higher than for DPN(H). Hence, an appreciable transfer 
of hydrogen occurred only with concentrations of nucleotides 
which are balanced so that both donor and acceptor may gain 
access to the enzyme surface. The addition of small amounts 
of TPN profoundly inhibited the transhydrogenation by rela- 
tively crude enzyme preparations which did not appear to re- 
quire TPN (Fig.1). This undoubtedly is related to the presence 
of saturating amounts of bound TPN(H) in these preparations. 
In addition, bound TPN(H) may be a more efficient hydrogen 
donor than the free nucleotide, as has been demonstrated for 
certain other pyridine nucleotide-linked systems (15). The 
concentration and precise intracellular distribution of these 
nucleotides may thus play an important part in determining 
the rate and direction of flow of hydrogen catalyzed by these 
steroid-dependent reactions. 

The concentrations of steroids required for full activity in 
the transhydrogenase system are within the range of those 
which might be expected to occur physiologically. In the pres- 
ent experiments it has been shown that under the particular 
conditions required for our study, androsterone, etiocholan-3a- 
ol-17-one and tetrahydrocortisone all mediated transhydrogena- 
tion. These compounds differ greatly in the degree and type 
of their physiological activities. This does not preclude their 
action through a common mechanism since a variety of mitigat- 
ing factors may be operative in the complex physiological pic- 
ture. For instance, the intracellular and organ distribution of 
hydroxysteroid dehydrogenases may be of prime importance, 
as well as the prevailing local tissue concentrations of steroids. 
In addition, the steroid-mediated transhydrogenation reactions 
can only be of regulatory importance under circumstances where 
they are rate-determining, as compared to competing reactions 
such as the reoxidation of DPNH and TPNH and the phos- 
phorylation and dephosphorylation of these nucleotides. 

The primary purpose of this study is to define the critical 
experimental conditions required for steroid-mediated trans- 
hydrogenation and to provide further evidence for the operation 
of such reactions in addition to those already described in 
placenta. 


Purified preparations of rat liver 3a-hydroxysteroid dehy- 
drogenase catalyze a readily reversible interconversion of 3a- 
hydroxy- and 3-ketosteroids with diphosphopyridine nucleotide, 
triphosphopyridine nucleotide, or the oxidized 3-acetyl pyridine 
analogue of diphosphopyridine nucleotide as hydrogen carriers. 
These preparations can promote the transfer of hydrogen be- 
tween reduced triphosphopyridine nucleotide and diphos- 
phopyridine nucleotide or between reduced diphosphopyridine 
nucleotide and the oxidized 3-acety! pyridine analogue of diphos- 
phopyridine nucleotide in the presence of low concentrations 
(about 10-* uw) of the same steroids. The transfer of hydrogen 
to diphosphopyridine nucleotide has been demonstrated from 
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reduced triphosphopyridine nucleotide generated by the glucose- 
6-phosphate or the isocitric dehydrogenase reactions, or from 
externally added reduced triphoaphopyridine nucleotide. Ad- 
ded reduced diphosphopyridine nucleotide will transfer hydrogen 
to the oxidized 3-acetyl pyridine analogue of diphosphopyridine 
nucleotide, and this reaction may be studied by measuring the 
increase in the absorption at 400 my. The conditions required 
for efficient transhydrogenation have been investigated and 
appear to be critically influenced by pH and the concentrations 
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of nucleotides and steroids. The present findings lend further 
support to the view that mammalian hydroxysteroid dehydro- 
genases with dual nucleotide specificity may function as pyridine 
nucleotide transhydrogenases, with the steroids participating in 
the role of coenzymes. 
Acknowledgment—The authors are grateful to their colleague 


Dr. H. G. Williams-Ashman for many illuminating discussions 
of this work. 
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contained at final concentration: homogenate or reconstituted 
homogenate equivalent to 75 mg./ml. of dog liver, 0.05 x tris- 
(hydroxymethyl)aminomethane buffer (pH 7.5), 0.004 « ATP, 
0.005 « MgSO,, 0.1 mg./ml. of casein, 0.0005 u caffeine, 0.04 
mg./ml. of ergotamine tartrate, 0.18 m sucrose, and 1.2 to 15 
units/ml. of dephospho-LP. After the formation of LP from 
dephospho-LP had proceeded for 10 minutes with shaking at 


Evaluation of a possible physiological role for glucagon as a 
hormone has been limited by the lack of a method for assay of 
this substance in blood. A number of reports have indicated 
the presence of materials exhibiting hyperglycemic activity 
either in peripheral blood of man (1, 2), or in pancreatic or 
portal blood of animals (3-8); however, the relationship of these 
materials to glucagon has not been clearly demonstrated. This 


report deals with a method by which glucagon added to whole 
blood can be recovered in good yield and with the measurement 
and characterization of a glucagon-like material found in the 
blood of man and dog. 

METHODS 

Homogenate Assay for Glucagon—Blood fractions were assayed 
for glucagon activity by their ability to stimulate the conversion 
of dephospho-liver phosphorylase to liver phosphorylase (LP)' in 
a dog liver homogenate system (9, 10). Briefly, dog livers 
were perfused with 0.9 per cent NaCl; liver slices were prepared, 
incubated for 15 minutes at 37° in NaCl and glycyiglycine, then 
chilled and homogenized with 2 volumes of 0.33 m sucrose. 
The homogenates were centrifuged for 45 seconds at 900 x g, 
before use. At times, the preparation of the homogenate was 
modified as follows: dog livers were perfused with 0.33 m sucrose, 
and washed particles were obtained from a homogenate of 
nonpreincubated liver slices by collection at 1200 x g (10). 
Washed particles were stored at —70° and immediately before 
use, were thawed rapidly and were mixed with an 11,000 x g 
supernatant liquid of liver homogenate (10, 11) to reconstitute 
approximately the original proportions in the whole homogenate. 

"se of this reconstituted homogenate in the assay system in 
place of the homogenate prepared by the former procedure (9) 
resulted in a similar or greater effect of glucagon on conversion 
of dephospho-LP to LP. 

The formation of LP from dephospho-LP was started by the 
addition of 0.15 ml. of homogenate to 0.10 ml. of a solution 
containing glucagon, unknown, or blank, in addition to de- 
phospho-LP and other assay components. The 0.25 ml. system 

* This investigation was supported in part by a Crile Summer 
Research Fellowship and by a National Science Foundation Sum- 
mer Fellowship. A preliminary report was presented at the 
meeting of the American Society for Pharmacology and Experi- 
mental Therapeutics, Philadelphia, April, 1958 (27). This research 
was also supported in part by a grant-in-aid from Eli Lilly and 
Company. 

t Work carried out in partial fulfillment of the requirements of 
the Project Teaching Program of the Medical Curriculum, Western 
Reserve University School of Medicine. 

'The abbreviations used are: LP, liver phosphorylase; and 
dephospho-LP, liver dephosphophosphorylase. 


30°, the phosphorylase activity was estimated as described 
previously (9, 12). The results of the phosphorylase assay 
were determined routinely by analysis for inorganic phosphate 
(13); in some instances a colorimetric iodine starch test (11) 
was used in addition in order to compare glycogen formation 
with phosphate liberation. 

Results of the assay are expressed either in terms of increased 
units of LP formed (12) over the blank level, or in terms of 
equivalent weight of crystalline glucagon per unit volume. 
Protein concentrations of the blood fractions were determined 
by a micromethod described previously (14), a modification of 
the procedure of Lowry et al. (15). 

Materials—The preparation of dephospho-LP and the puri- 
fication of glucose-l-phosphate, glycogen, and tris(hydroxy- 
methylaminomethane was carried out as reported previously 
(12, 16). Caffeine and adenosine-5’-phosphate were purchased 
from the Nutritional Biochemicals Corporation. Soybean 
trypsin inhibitor was purchased from the Worthington Bio- 
chemical Corporation. Crystalline trypsin, obtained from 
Armour and Company, was dialyzed before use. The “in- 
sulinase” extract, used in inactivation experiments, was prepared 
from rat liver and its activity determined according to the 
procedure of Vaughan (17). Insulin was trypsin-treated and 
glucagon-free. Glucagon was either an amorphous powder 
with an estimated purity of 530 per cent, or a solution of 1 mg./ 
ml. of crystalline glucagon. Insulin and glucagon were donated 
by Eli Lilly and Company 


RESULTS 
Measurement of Glucagon-Like Material in Blood 


Fractionation of Blood—Modification of usually adequate 
extraction procedures for glucagon (14, 18) was necessary to 
avoid loss of glucagon by coprecipitation with plasma proteins 
and also to remove, or to inactivate, plasma factors which 
inhibited the response of the assay system to glucagon. The 
preferred or standard procedure has been indicated in the fol- 
lowing description of the blood fractionation. 

Step 1. Preparation of Plasma and Acid Alcohol Extraction— 
Blood obtained from dog or man was heparinized and chilled 
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was strongly inhibitory to the homogenate assay system. 

To each 5 ml. of plasma was added a mixture containing 
15 ml. of absolute ethanol and 0.3 ml. of 14 ~ HCl; the sus- 
pension was stirred and then centrifuged at 9000 x g. Almost 
all the added glucagon remained in the supernatant fluid; an 
additional 10 per cent of the total activity could be recovered 
by re-extraction of the precipitate. The endogenous glucagon- 
like material behaved in a similar fashion; t.c. repeated extraction 
of the precipitate yielded no greater percentage of glucagon-like 
material than of added glucagon. Since the amount remaining 
in the precipitate was small and consistently proportionate to 
the precipitate volume, a single acid alcohol extraction of plasma 
was used in the standard procedure; the precipitate was dis- 


2. Alcohol-Ether Precipitation—The acid-aleohol super- 
natant fluid was neutralized to pH 7.7 with concentrated am- 
monium hydroxide (with phenol red indicator). The precipitate 
which formed at this state and which was routinely removed in 
former procedures (14, 18) could not be discarded without 
significant loss of activity; a precipitate removed after partial 
neutralization to pH 4.5 contained about 5O per cent of the 
activity. Hence, after neutralization to pH 7.7, the resulting 
suspension was precipitated by the addition of 1.8 volumes of 
absolute ethanol and 3 volumes of anhydrous ethyl ether. After 
standing overnight in the cold, the precipitate was separated by 
centrifugation and dried in a vacuum. The precipitate was 
stable for at least several weeks when stored in a vacuum des- 
iecator at 2°. 

Step 3. Treatment of Alcohol-Ether Precipitate—A suspension 
of the aleohol-ether precipitate was inhibitory to the homogenate 
assay system both before and after dialysis. Suspension and 
incubation of the precipitate in aqueous acid at 2° effectively 
eliminated this inhibitory effect. Incubation of the aleohol- 
ether precipitate for 2 hours at 2° in a volume of 0.135 ~» HCl 
equivalent to one-half the volume of plasma fractionated was 
adopted for the standard procedure; both the endogenous 
glucagon-like material and added glucagon were stable under 
these conditions. Insoluble material was present in 0.135 ~ 
HC1 suspensions before and after incubation; however, since the 
precipitate obtained by centrifugation contained about 25 per 
cent of the activity, this separation was not incorporated into 
the standard procedure. A small precipitate obtained at a 
lower pH could be discarded without significant loss of activity 
but this did not result in « significant purification. 

As an alternative to acid treatment, the aleohol-cther pre- 
cipitate was extracted three times in 0.15 M glycylglycine buffer 
(pH 9.7), and the extracts combined (Modification 3a, Table I); 
recovery was less than by the standard acid treatment. Sus- 
pension or extraction in glycylglycine was less effective than 
acid treatment in eliminating the inhibitory effect of the aleohol- 
ether precipitate. Stronger alkali treatment with NaOH at 
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Taste I 


Recovery of glucagon from whole blood and plasma 

After addition of 15 ug. of glucagon per 100 ml. of whole blood 
or plasma, fractionation and homogenate assay were carried out 
as described in the text. The amount recovered was determined 
from the difference between the activities of final fractions of 
the samples with and without added glucagon. An additional 10 
per cent recovered by re-extraction of the acid-alcohol precipitate 
at Step 2 (see text) has not been included in the values given be- 
low. Protein per ml. was calculated as the average protein content 
of the final fraction in milligrams per ml. of plasma fractionated. 


| 
Procedure Protein Blood Plasma 
No. of No. of 
samples Average samples (Average 
mg/ml. | 
Standard ........... 11.9 3 71° 3 88 
Modification 3a... .. 9.5 | 3 49° 1 63 


* Allowance has not been made for glucagon lost when blood 
cells were separated and discarded. It was estimated that about 20 
per cent of the glucagon was lost at this step. 


pH 12 appeared to eliminate the inhibitory effect, but the 
tendency towards gel formation caused difficulty in further 
handling of the fraction. Various combinations of these pro- 
cedures were tested but found to be more laborious and less 
effective than the standard acid treatment alone. 

Step 4. Precipitation with Ammonium Sulfate and Dialysis— 
The acid treatment was terminated by neutralization of the 
suspension to pH 7.5 with NaOH, and glvcyiglycine buffer 
(pH 9.7) was added to a final concentration of 0.15 in a total 
volume of suspension adjusted to 1.2 times the volume of plasma 
fractionated. After the addition of 42 gm. of ammonium 
sulfate per 100 ml. of suspension, the precipitate was collected 
by centrifugation at 9000 x g for 20 minutes; the precipitate 
contained essentially all the activity. Ammonium sulfate 
precipitation was not essential but was of considerable value in 
concentrating the fraction for assay and was used routinely. 
By washing the precipitate with a solution of ammonium sulfate 
(42 gm./100 ml.), further purification could be accomplished, 
but this modification was not used in the standard procedure. 

The precipitate was suspended in distilled water, placed in 
washed Visking casing (size 8/32), and stationary dialysis was 
carried out against distilled water. Dialysis could be con- 
tinued for several days without loss of activity; a 1 or 2 day 
dialysis was used in the standard procedure. The final dialyzed 
fraction contained 11.9 mg. of protein (average for 60 samples) 
per ml. of plasma fractionated, a 5 to 7-fold purification; the 
final volume was one-third to one-fifth that of the plasma 
fractionated. If apparatus suitable for dialysis and recovery of 
smaller measured volumes were designed for use at this step, a 
plasma sample of 1 mi. or less instead of 3 ml. would be suf- 
ficient for measurement of the glucagon-like material present. 
Storage of the final fraction at — 20° for several weeks resulted in 
only a slight loss of activity of glucagon-like material or added 
glucagon. However, loss appeared to be hastened appreciably 
by repeated freezing and thawing. 

Assay of Blood Fractions—Fractions from the various steps 
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on collection, and was fractionated in the cold (2-5°). The fF 
blood was centrifuged and plasma removed for further frac- 
tionation. A plasma volume of at least 3 ml. was desirable to 
facilitate handling of the fraction for dialysis at Step 4. Pre- 
liminary experiments indicated that omission of heparin or 
use of serum instead of plasma had no apparent effect on sub- 
sequent results. Lyophilization of the plasma resulted in 
decreased recovery of glucagon and rendered further fractiona- 
tion more difficult. The plasma before or after lyophilization 
uted | 
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Fic. 1. Titration of glucagon and the glucagon-like material of 
gon, plasma equivalent, and increase in units of LP are expressed 


32 O02 G04 O32 

ML.PLASMA EQUIVALENT 
blood in the liver homogenate assay system. The amounts of gluca- 
as amounts present or formed per 0.25 ml., which was the volume of 


the reaction mixture. Blood was fractionated by the standard procedure described in the text, and the final fraction was assayed in the 


absence and in the presence of 0.00375 ug. of glucagon per 0.25 ml., as indicated. 


Increase in units of LP formed was calculated as the 


increase over a blank (control) value of 0.25 unit of LP formed per0.25 ml. A total of 0.50 unit or an increase of 0.25 unit of LP (maxi- 


mal response) was obtained with 0.5 wg. of glucagon per 0.25 ml. 


Each value plotted represents the average of two determinations 


with the exception of the value for the addition of final fraction equivalent to 0.09 ml. of plasma per 0.25 ml.; the latter represents only 


one determination. 


outlined above were added to the liver homogenate system in 
amounts not exceeding 0.05 ml. Thus, an addition of 0.05 ml. 
of a final dialyzed fraction was equivalent to 0.25 ml. of plasma 
concentrated five times during the standard fractionation pro- 
cedure. When present in 0.25 ml. of reaction mixture, this 


Taste Il 
Summary of levels of glucagon-like material in 
plasma of dog and man 

Blood samples from dogs were obtained following sodium Sec- 
onal anesthesia and cannulation of a peripheral vessel. Human 
blood samples were drawn from the antecubital vein of adult sub- 
jects several hours following breakfast. Final fractions were as- 
sayed by the liver homogenate assay as described in the text, and 
the values obtained were corrected for loss during fractionation. 
The correction factor averaged about 16 per cent of the total 
value and was estimated from data such as have been given in 
Table I. 


Plasma level in dogs Plasma level in human subjects 

we./100 ml | 100 mil. 
15.7 6.3 
8.6 6.3 
6.4 7.2 
0.9 5.8 
1.7-8.0° | 5.1 
2.7 | 6.4 
4.8-13.0° 6.0 
1.7 6.8 

7.6, 7.2t 

8.4, 6.5f 

| 3.6, 3.9t 


* Different values were obtained by repeated sampling from 
the same animal over a period of time. The 8 ug. value was ob- 
tained before administration of anesthetic. 

t Duplicate fractionations with the same blood sample. 


amount of final fraction usually resulted in greater than half 
the maximal stimulation of the assay system. Hence, frac- 
tionation of a few milliliters of plasma was sufficient for accurate 
titration of the endogenous activity of the final fraction in the 
assay system. The titration curves of a typical final fraction 
and a standard glucagon sample were in general parallel (Fig. 

1). Furthermore, the addition of 0.00375 yg. of glucagon per 
0.25 ml. to serial dilutions of the fraction resulted in a titration 
curve equivalent to that predicted from the separate curves 
(Fig. 1). Both these points indicated that the final fraction had 
no significant inhibitory effect on the response of the assay 
system to glucagon.” 

Recovery of Glucagon from Blood—The fractionation procedure 
was designed to give high recovery rather than maximal purifica- 
tion. The average recovery of glucagon added to chilled, 
freshly drawn, whole blood fractionated by the standard pro- 
cedure was 71 per cent; recovery of glucagon added to plasma 
was 8S per cent (Table I). An additional 10 per cent was 
recovered from a second acid-aleohol extraction at Step 1. 
Comparison of recovery of glucagon added to whole blood with 
that of glucagon added to plasma indicated that about 20 per 
cent of the glucagon added to whole blood was lost by removal 
of the cell fraction (Table 1). How much of this loss was due to 
trapping, inactivation, or partial equilibration of glucagon with 
the cellular components has not been determined. Since com- 
plete equilibration did not take place (as judged by 70 per cent 
recovery from whole blood), within the 20 minutes between the 
addition of glucagon and the separation of the cells, glucagon 
would appear to enter the blood cells slowly, if at all. If the 
losses on discard of blood cells and acid-aleohol precipitates 


* Recent experiments indicate that the final fractions may inter- 
fere with the response of some liver homogenates, although they 
have no detectable inhibitory effect on others. The nature of 
this phenomenon is as yet unexplained. 
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were taken into account, recovery by the standard procedure 
would be approximately 100 per cent. 

Levels of Glucagon-Like Material in Plasma— The glucagon-like 
eral arterial, or pancreatic blood of 12 dogs, and from the periph- 
eral venous blood of 11 human subjects. Fractionation of the 
blood cells (by use of Modification 3a) did not yield any detect- 


activity obtained by duplicate fractionation of single blood 
samples. Considerable variation in dog plasma levels was 
found both from animal to animal (0.9 to 15.7 wg./100 ml.) and 
with repeated sampling over a period of time in the same animal; 

human plasma levels varied within a somewhat narrower range 
The dogs were anesthetized and blood 


determined according to 

Saloon (000, 98 to 286 axe. mal The causes of 
man remain to be investigated.’ 


Characterization of Glucagon-Like Material in Blood 
Fractionation—The fractionation procedure itself served as a 


cipitate and of the final fraction. Both could be extracted 
with glycyiglycine (pH 9.7) and with acid from the alcohol- 
ether precipitate. Both showed equivalent recoveries in all 
variations of the fractionation procedure. 

Measurement—Similarity of the endogenous glucagon-like 
material and glucagon was shown by the titration of the final 
fraction and glucagon in the homogenate assay system (Fig. 1). 
Both acted in this system by stimulating conversion of dephos- 
pho-LP to LP. Neither had any effect on the action of LP 
itself, or on the formation of LP in an 11,000 x g supernatant 
fraction of liver homogenate which did respond to cyclic adenylic 
acid. (The effect of glucagon on LP formation in homogenates 
has been shown to be mediated by a cyclic adenylic acid active 
in the supernatant fractions where glucagon had no effect (11).) 

The glucagon-like material was further studied by comparison 
of its effect on the phosphorylase system in liver homogenates 
with its effect on the output of glucose from liver slices. Rabbit 
liver slices were prepared and incubated essentially as previously 
described (14, 18), except that 10 gg./ml. of insulin was usually 
present in the incubation medium in order to enhance the 
response to glucagon (20). The final fraction was found to 
increase the output of glucose from liver slices; the amount of 
glucagon-like material in the final fraction (of the three samples 
tested) was found to be the same whether determined by the 
slice or by the homogenate assay method. 


* The absolute values for levels of glucagon in plasma may not 
be «trietly correct, as we have recently observed significantly in- 
creased activity of standard glucagon solutions following incuba. 
tion with certain buffers. 
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Taste Ill 
Lack of effect of ergotamine on activity of the 
glucagon-like material of blood 
Blood was fractionated by the standard procedure described 
in the text and the final fractions added to the homogenate assay 
system in the amounts indicated below. The assay was per- 
formed as described in the text, except for variation in ergotamine 
concentration as indicated. The amounts of glucagon, plasma 
equivalent, and increase in units of LP are expressed as amounts 


present or formed per 0.25 ml., which was the volume of the re- 
action mixture. 
Increase in units of LP formed in the 
| presence of 
Additions to the homogenate system 
Nee 
ergotamine | ergotamine | ergotamine 
| 
0.00875 wg. of glucagon OF | 0.08 
Final fraction equivalent to: | 
0.2 ml. of plasma. 0.17 
0.1 ml. of plasma _ 007 0.0 0.10 


* Average of two determinations. 
*t Average of four determinations. 


Effect of Ergotamine—Epinephrine and the related sympa- 
thomimetic amines have been shown to stimulate the conversion 
of dephospho-LP to LP in liver homogenates and to promote 
glycogenolysis in liver slices in a manner similar to glucagon. 
The addition of ergotamine to liver slices (21) or to homogenates 
(9) blocked the action of epinephrine and related compounds 
without affecting that of glucagon; therefore, ergotamine was 
routinely present in the homogenate system for assay of glucagon. 
Moreover, the action of the final blood fraction on conversion of 
dephospho-LP to LP was the same whether or not i 
was present (Table III). Hence, the final fraction did not 
contain detectable amounts of epinephrine or related com- 
pounds, and the glucagon-like material of blood appeared to be 
distinct from these substances. 

Stability— Both the glucagon-like material and added glucagon 
exhibited similar stability in acid and during blood fractionation 
and storage, as described above. Stability of the final fraction 
and glucagon to incubation at 37° with alkali, with trypsin, or 
with “insulinase” extract of rat liver (17) has been summarized 
in Table IV. The “insulinase” «vstem of liver slices and extracts 
has been reported to possess some specificity (22); however, 
glucagon, insulin, casein, ACTH (adrenocorticotropic hormone), 
and growth hormone all may be substrates for the relatively 
crude preparation used here (23, 24). 

Stability of the final fraction to alkali was found to be similar 
to that of glucagon. Activity of the fraction was rapidly lost 
by incubation with trypsin at a rate similar to that of glucagon. 
The activity of the final fraction was decreased by incubation 
with the “insulinase” extract of rat liver to about the <ame 
extent as was the activity of glucagon added to the fraction. 
However, since crystalline glucagon by itself was destroved more 
rapidly, it appeared that the final fraction had an action like 
that of insulin in decreasing the rate of destruction of glucagon 
by “insulinase.”” The final fraction had a similar protective 
action in the liver slice system described above. These ob- 
servations suggested that in addition to the glucagon-like ma- 
terial, other material present in the final blood fraction was 
capable of acting as a substrate for the “insulinase” system. 
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obtained from peripheral blood have been summarized in Table 
11. Close agreement was found in values for endogenous 
human blood sampling. Blood was obtained from healthy 
adult human subjects as single samples drawn several hours 
both glucagon added to blood, and the endogenous glucagon-like 
material of blood, were nondialyzable and were precipitated 
with aleohol-ether and with ammonium sulfate. Both showed 
similar stability and solubility in acid-aleohol and im acid, and 


Taste IV 
Effeci of alkali, trypsin, and “‘insulinase’’ extract on activity of 
of the glucagon-like material of blood 

Blood was fractionated by the standard procedure described 
in the text. After incubation of the final fractions, or crystalline 
glucagon, or both, as indicated below, the activity remaining was 
compared to that of suitable incubated controls with use of the 
liver homogenate assay system. The designations (a) and (b) 
below refer to two separate experiments. Incubation with alkali 
was terminated by neutralization with HCl. Trypsin inactiva- 
tion was terminated by addition of soybean trypsin inhibitor. 
In (6) the trypsin had been aged and the amount of glucagon and 
final fraction added was twice that in (a). For the incubation with 
“insulinase’’ extract, an amount of rat liver extract calculated 
to give twice the activity of that used in the assay system of 
Vaughan (17) was added to a medium containing 0.05 m tris(hy- 
droxymethy]l)aminomethane buffer (pH 7.5). Insulin was absent 
or present in the medium as indicated. 


Activity remaining after incubation 
Incubation at 37° with 

Glucagon | Final | trattion + 

fraction | fraction 
% % % 
0.1 s NaOH, 90 0 0 0 
0.01 NaOH, 30min... 113 128 
0.01 NaOH, 60 min............. 110 106 
0.25 mg./ml. of trypsin, 20 min. (a). 0 0 0 
0.25 mg./ml. of trypsin, 20 min. (6). 57 63 37 
“Insulinase’’ extract, 30 min. (a). 13 47 43 
**Insulinase’’ extract, 30 min. (6). 16 75 52 
Same + 100 yug./ml. of insulin (a). 100 100 100 
Same + 100 ywg./ml. of insulin (b) 74 87 81 


Inactivation by trypsin and by “insulinase’”’ indicated that the 
glucagon-like material needed an intact protein structure for its 
activity. 

Injection of Glucagon into Portal Vein—A report in the litera- 
ture on the perfusion of frog liver with glucagon indicated that 
glucagon may be destroyed by the liver on a single passage 
(25). Since the glucagon-like material was found in peripheral 
venous blood, it seemed of interest to establish whether glucagon 
could survive passage through the liver. Glucagon was injected 
into the portal vein of an anesthetized dog and the effect on 
peripheral glucagon blood levels determined (Fig. 2). Im- 
mediate spiking of peripheral glucagon levels was noted. Initial 
distribution appeared to be about 5 per cent of the total body 
volume (presumably the plasma). In 20 minutes the plasma 
level had returned to near preinjection levels. Thus it appeared 
possible for glucagon to be secreted by the pancreas and to be 
detected in peripheral blood. A preliminary experiment failed 
to show any significant difference between dog pancreatic and 
femoral venous blood levels. Further study of this point is 

DISCUSSION 

The glucagon-like material reported here differed in certain 

respects from other materials in blood reported to possess 


hyperglycemic activity. Burger (1) reported a hyperglycemic 
effect of peripheral human blood when transfused but only 
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when obtained from a donor in a stage of alimentary hyper. 
glycemia; blood from a fasting donor had no effect. On the 
basis of similar experiments, Klotzbiicher (2) reported that 
blood from fasting diabetics (in about one-third of those tested) 
had a hyperglycemic effect in normal recipients. Pancreatic or 
portal blood obtained from animals treated with insulin (Foa 
et al. (4)), or with growth hormone (Foa et al. (5), Bornstein e 
al. (6), and Sirek ef al. (8)) has been shown to cause hyper- 
glycemia in recipient animals. However, no hyperglycemic 
effect was seen if blood was obtained from the peripheral circula- 
tion or when no hormones were administered. In the most 
recent of these investigations (8), the effect was reported to be 
blocked by dihydro-ergotamine, a compound which does not 
block the action of glucagon. This raises the question of 
whether the other hyperglycemic materials mentioned might 
also be blocked by dihydro-ergotamine. Fodden and Read (7) 
reported the fractionation of a hyperglycemic material found in 
pancreatic blood at concentrations at least 100 times that of the 
material reported in this paper, but not detected in peripheral 
blood. Attempts to repeat this procedure in our laboratory 
were unsuccessful; both liver slice and liver homogenate assays 
were used as test systems. 

All these reports, with the exception of the last mentioned, 
have dealt with effects obtained using whole blood. The 
glucagon-like material reported here was present in fractions 
derived from peripheral blood at normal blood sugar levels 
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Fic. 2. Recovery of glucagon in peripheral circulation follow- 
ing injection into the portal vein. A male dog, weighing 18.5 
kilos, was anesthetized with sodium Seconal at zero time. Four 
femoral venous samples were taken during a 3% minute control 
period. At 55 minutes and again at 100 minutes, 100 gg./kilo of 
crystalline glucagon was injected into the portal vein, as indi- 
cated by arrows. Femoral samples were taken at 45 seconds and 
at 2}, 5, 10, 20, 30, and 40 minutes after the first injection, and at 
2 and 8 minutes after the second injection. Glucose levels were 
determined by the method of Nelson (19). Plasma glucagon 
levels represent the total amount of active material recovered in 
the final fractions prepared by the standard procedure (see the 
text) and have not been corrected for loss during fractionation. 
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without pretreatment with hormones; its action was not blocked 
by ergotamine. 

The peripheral blood level of the glucagon-like material in 
terms of its crystalline glucagon equivalent is about 7 ug./100 
ml. of plasma in dog or man. This would represent a total 
circulating plasma glucagon of nearly 0.2 mg. in a man weighing 
70 kilos, an amount sufficient to exert appreciable hyperglycemic 
action if injected as a single dose. The rate of secretion neces- 
sary to maintain the plasma level, as well as the magnitude of 
its effect, might depend on factors such as rate of disappearance 
from plasma and a possible delicate balance between the active 
material and its antagonists and/or inhibitors. Rapid dis- 
appearance from the peripheral blood of an appreciable amount 
of glucagon injected into the portal vein was noted (Fig. 2). 
Although disappearance of the endogenous glucagon-like ma- 
terial would likewise be expected to be rapid, the smaller amounts 
present might be more readily bound by plasma or excluded 
from the cells. Berson et al. (26) reported essentially complete 
disappearance of glucagon from plasma of rabbits 10 minutes 
after peripheral intravenous injections of small quantities (1.5 
to 2 wg./kilo) of I-labeled glucagon. Hence, small amounts 
of glucagon, at least when injected, showed rapid disappearance. 
Blood fractions (before Step 3) were observed to inhibit the 
conversion of dephospho-LP to LP catalyzed by liver homogen- 
ates, both in the presence and absence of added glucagon. The 
significance of this inhibition, which may be caused by more 
than one substance, has not been determined. 

The fractionation from blood, assay, and characterization of 
the glucagon-like material have thus far shown it to be in- 
distinguishable from glucagon. Since an experiment to detect a 
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difference between pancreatic and peripheral blood levels was 
inconclusive and the origin of the material has not been estab- 
lished, it has seemed preferable at the present time to designate 
it as a glucagon-like material rather than as glucagon. 


SUMMARY 


1. A blood fractionation procedure has been described by 
which glucagon added to whole blood can be recovered in good 
yield and assayed. 

2. A glucagon-like material has been shown to be present in 
the peripheral and pancreatic blood of the dog and in the pe- 
ripheral venous blood of man at levels of possible physiological 

3. Fractionation and characterization of the glucagon-like 
material have thus far shown it to be indistinguishable from 
glucagon. The material stimulated phosphorylase reactivation 
in the liver homogenate svstem, was not blocked by ergotamine, 
stimulated glucose output from liver slices, was nondialyzable 
from blood fractions, was inactivated by trypsin and by an 
“insulinase” extract which acted on glucagon, and showed pH 
stability and solubility similar to glucagon. 

4. Glucagon injected into the portal vein of a dog was re- 
covered from femoral venous blood, indicating that if glucagon 
were secreted by the pancreas, it might appear in peripheral 
blood. 
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Studies of Hog Kidney Acylase I 


I. COMPARISON WITH HOG KIDNEY DIALKYLFLUOROPHOSPHATASE* 


Frep E. ann L. A. Mountert 


From the Department of Biochemistry, School of Medicine, University of Virginia, Charlottesville, Virginia and 
the Department of Biophysics, Medical College of Virginia, Richmond, Virginia 


(Received for publication, April 10, 1958) 


Hog kidney Acylase I, an enzyme which hydrolyzes N-acetyl- 
L-amino acids, has been purified approximately 40-fold by Green- 
stein (1). During the course of the purification of hog kidney 
dialkylfluorophosphatase, it was consistently found that the 
protein fractions containing DFPase' activity also possessed 
very high Acylase I activity. Inasmuch as the DFPase and 
Acylase I activities were found to possess a number of similar 
properties and separation of the two activities was not effected 
in the early fractionation studies, the suggestion was advanced 
that a single enzyme might be responsible for both activities 
(2). However, further purification of the hog kidney fractions 
has resulted in a considerable degree of separation of the two 
enzymatic activities. In the present report, data are presented 
which distinguish between the enzymes and contradict the belief 
in their identity previously supported by one of the authors (2). 


MATERIALS AND METHODS 


All enzyme preparations were obtained from frozen hog kidney. 
The fractions were prepared either by the method of Greenstein 
(1) or by ethanol fractionation during the purification of DF Pase 
(3). 

Acylase I activity was determined by measuring the amount of 
free amino acid liberated from acylated compounds. The acyl- 
ated amino acids employed as substrates were obtained commer- 
cially. The procedure of Troll and Cannan (4) was employed 
and the color developed with ninhydrin was measured at 570 
my using a Bausch and Lomb Spectronic 20 colorimeter. The 
amino acids, glycine, alanine, leucine, valine, and methionine 
gave an identical molar extinction coefficient, and a linear re- 
lationship between optical density and concentration was ob- 
tained from 0.05 to 0.5 wmole of amino acid. DF Pase activity 
was determined manometrically (3). 


RESULTS 


Comparison of DF Pase and Acylase I Activitiea—The similarity 
between the relative rates at which a number of compounds are 


* This investigation was supported by Research Grants Nos. 
G4246 and KRG-4246(C) from the Division of Research Grants, 
United States Public Health Service. 

1 Present address, Huntington Laboratory, Massachusetts 
General Hospital, Boston, Massachusetts. 

$ Present address, Department of Biophysics, Medical College 
of Virginia, Richmond, Virginia. 

'The abbreviations used are: DFPase, dialkylfuorophos. 
phatase; DFP, diisopropyl! fluorophosphate. 


hydrolyzed by preparations of Acylase I and DF Pase at various 
stages of enzyme purification is shown in Table I. It may be 
seen that the relative rates of hydrolysis of the three acylated 
amino acids and of DFP are essentially the same for each enzyme 
preparation over an approximately 20-fold range of enzyme 
purification. This consistent relationship between the acylase 
and DFPase activities of various hog kidney preparations with 
widely different specific activities suggested that the two enzymes 
might be identical. Such a possibility seemed more attractive 
in view of many similarities in the effect of metal ions upon the 
two activities (3, 5); furthermore, substances previously shown 
to be noncompetitive inhibitors of DF Pase were also found to 
have a similar inhibitory effect on Acylase I activity (Table I1). 
Finally, preliminary attempts to separate the two enzymatic 
activities by paper electrophoresis and by fractionation with 
organic solvents were unsuccessful 

Stability of DF Pase and Acylase I—Upon examining further 
the relative stability of DFPase and Acylase I, particularly as 
to changes in pH and temperature, evidence was found which 
indicated that separate enzymes may in fact be responsible for 
the two enzymatic activities. Some evidence that the two en- 
zymes might not be identical was obtained by the treatment of 
kidney Fraction A-1 with ice cold butanol according to the pro- 
cedure of Morton (6). Two out of six samples which were 
extracted in this manner seemed to have increased DFPase- 
Acylase I activity ratios; however, these ratios were not con- 
sistent when different acyl amino acid structures were used. 

Enzyme solutions heated for various periods of time or at 
different temperatures showed a considerable reduction of 
DFPase activity, whereas the activity of Acylase I (acetyl-1- 
methionine as substrate) was decreased at a much slower rate. 
The stability of the two activities to changes in pH was found 
to be the reverse of that to heat; thus, the DFPase activity 
was found to be more resistant to inactivation than was Acyl- 
ase I during prolonged standing at cither a high or a low pH. 

In the studies involving stability to temperature and pH the 
supernatant solution from a high speed centrifugation (30,000 x 
g for 30 minutes) of an aqueous homogenate of hog kidney was 
used as the source of enzyme. The temperature stability of 
the enzymes was determined by heating 10 ml. aliquots of the 
enzyme solution for 10 minutes in a water bath at the desired 
temperature followed by rapid cooling of the solution in a ice 
bath. It may be seen in Fig. | that both activities were reduced 
at a temperature of 50° and higher; however, the inactivation of 
DF Pase was observed to be much more rapid than that of Acyl- 
ase I, particularly in the region of 55-00". 
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Taste I 
Relative rates of hydrolysis of DFP and N-acetyl amino acids by 
kidney enzyme preparations 
Rate of hydrolysis = wmoles of substrate per mg. of N per 30 
minutes. 


Substrate 
Enzyme N Acetyl 
DFP 

Glycine Leucine Methionine 
Aeylase (Armour). | 12 (1)*| 4 (0.3) 5O (4.2) 20 (20) 

Acylase (purified 
(1)) | (0.3) ISO (3.6) SOO (16) 
DFPase A S81 (1) | 10 (0.3) 105 (3.4) (16) 
DFPase A-1 105 (1) | 37 (0.3) 3370 (3.0) 1700 (17) 
DFPase A-2...._... 275 (1) 1000 (3.6) 4300 (16) 


© Figures in parentheses indicate relative rates of hydrolysis 
with DFPase as standard. 


Taste Il 


Effect of noncompetitive inhibitors on DF Pase 
and Acylase I activity 


Inhibitor Enzyme 

‘Meth- Ala- 

jionine cine | nine 

‘DFPase (A-2) 5.4. 5.4 5.5/5.3 
Aeylase purifiedt 5.5 5.4 

Acylase (Armour) 6.4/5.5) 6.1 

Phenyimereuric  DFPase (A-2) 55.5) 5.2) 5.2 
chloride Aeylase purifiedt 5.2 5.2 

Aeylase (Armour) 5.2 5.3 5.1 5.3 

| Diazobenzene sul- DFPase (A-2) 5.8 5.6/6.1 | 5.9 
fonie acid Aeylase purified? 5.8 6.0 

_ Aeylase (Armour) 5.9 5.5 5.9) 6.1 


= Negative logarithm of the concentration of an inhibitor pro- 
ducing 53O per cent inhibition which was calculated on basis of final 
concentration of inhibitor in assay system. The enzyme and 


| inhibitor were incubated for 30 minutes at 37°, pH 7.4, before 


addition of substrate. 
t Purified by method of Greenstein (1). 


In the pH stability studies, samples of the enzyme solution 
were adjusted to approximately the desired pH with either HCl 
or NaOH (1 sm) and allowed to remain at that pH for 19 to 22 
hours at refrigerator temperature (during this time the pH 
drifted slightly toward neutrality). The final pH was deter- 
mined and was readjusted to 7.0. All samples were diluted to 
the same final volume for assay. As may be noted in Fig. 2, 
both enzymes were maximally stable in the region of pH 7.0 
with progressively diminished activity observed after prolonged 
exposure to a higher or lower pH. Nevertheless, the DFPase 
activity was repeatedly found to be more resistant to inactiva- 
tion than was Acevlase | under the conditions of this experiment, 
as evidenced by the observation that exposure to pH 4.2 or 10.2 
resulted in virtually a complete inactivation of Acvlase I whereas 
only about 50 per cent of the DFPase activity of the same solu- 
tion was lost. 


F. E. Bell and L. A. Mounter 
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Fic. 1. Stability of hog kidney DFPase and Acylase I to 

temperature. O-—-O, Aecviase I; @----@, DFPase. All 

samples were heated for 10 minutes. Assay (40° incubation) 

of unheated solution was taken as reference for maximal activity. 


' 
70 


™m 
oO 
i 


PERCENTAGE OF MAXIMAL ACTIVITY 


Fie. 2. Stability of DFPase and Acylase Ito pH. ©, Acylase 
I; @, DFPase. The samples were stored 19 to 22 hours at given 
pH before assay. 


Taste Ill 
Relative rates of hydrolysis of DFP and N-acetyl-t-methionine 
by kidney fractions 
Rate of hydrolysis = smoles of substrate per mg. of N per 30 
minutes. 


| Substrate 
Fraction 
DFP Acetyl t methionime 
A-ly (10% ethanol)...... 1% 3500 (1S) 
(20% ethanol) | @ @) 6600 (183) 
A-list (30% ethanol) 4.8 (1) 0500 (1980) 
4.2 (1) (980) 


A-lrw (40% ethanol) 
© Figures in parentheses indicate relative rates of hydrolysis 
with standard. 
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Hog Kidney Acylase 1. 1 


Separation of DFPase and Acylase I Activities by Ethanol purification. Studies of the pH and temperature stability of 


Fractionation—The results presented in Figs. 1 and 2 indicated 
a difference between the two enzymes; therefore, renewed at- 
tempts were made to separate the enzymatic activities. Ethanol 
fractionation at somewhat lower temperatures than those used 
in earlier experiments met with some success. 

A DFPase preparation, designated as Fraction A, was pre- 
pared and dissolved in 0.002 « NaHCO, as previously described 
(3). The pH of this solution was adjusted to 5.0 by the addi- 
tion of acetate buffer followed by the stepwise addition of ethanol 
at — 10° to bring the concentration of ethanol successively to 10, 
20, 30, and 40 per cent. The solution, at —10°, was allowed to 
remain at each concentration of ethanol for 30 minutes; the 
resulting precipitate was collected by centrifugation and re- 
dissolved in 0.002 mw NaHCO, Precipitates obtained in this 
sequential manner were designated as Fraction A-1;, A-11:, 
A-list, and A-lyy. 

As shown in Table III, the distribution of the two activities 
among the four fractions was found to be quite dissimilar. The 
bulk of the DFPase activity was found in Fraction A-1; with 
progressively smaller amounts of this activity appearing in 
the other three fractions. In contrast, the specific activity of 
Acylase I (acetyl-t-methionine as substrate) in the four fractions 
was rather uniform with Fraction A-1l1:; having a somewhat 
greater activity than the other three fractions. It may be seen 
that the ratio of the specific activities of the two enzymes in 
Fraction A-1; is 17.9 whereas that in Fraction A-1,;; is 1980, a 
difference greater than 100-fold. Furthermore, although ap- 
proximately 70 per cent of both the Acylase I and DFPase 
activities of Fraction A was recovered in the four A-1 fractions, 
74 per cent of the recovered DF Pase activity was found in Frac- 
tion A-1; and 88 per cent of the recovered Acylase I activity 
was found distributed in fractions other than A-l;. These 
data clearly demonstrate a partial separation of the DFPase 
and Acylase I activities. 


DISCUSSION 
The experiments reported indicate a similarity in properties of 
hog kidney Acylase I and DF Pase over a 20-fold range of enzyme 


the two enzymes demonstrate, however, that the two enzymes 
are not identical. Ethanol precipitation has vielded Acylase | 
preparations of a considerable degree of purity and virtually 
free of DFPase activity. A few preliminary experiments indi. 
cated that Acylase I can be reprecipitated with ethanol after 
heat denaturation of some associated proteins, including the 
enzyme DFPase; these procedures promise relatively simple 
methods of obtaining Acylase | in a high degree of purity. 

The results indicate that the previous suggestion that hog 
kidney DFPase and hog kidney Acylase I might be identical (2) 
is incorrect. The results also illustrate the hazards inherent 
in the characterization of any incompletely purified enzyme, 
particularly when it is in association with an enzyme possessing 
similar properties as well as a broad specificity. Direct proof 
that a single enzyme is responsible for a spectrum of activities 
is always difficult and involves the demonstration of a paral- 
lelism between the various activities at all stages of purification 
and under widely varied conditions. The fact that a moderately 
pure preparation of DFPase can be prepared without a noticea- 
ble change in the Acylase 1-DFPase activity ratio at various 
stages of purification emphasized the caution necessary in as 
signing several activities to a single enzyme. 

Since the completion of these studies, further purification of 
hog kidney DF Pase has been reported by Cohen and Warringa 
(7) by the use of electrophoresis with starch columns. It is of 
interest that with these columns these authors have also effected 
the separation of Acylase I and DFPase. 


Earlier suggestions that hog kidney Acylase I and dialkyl- 
fluorophosphatase are identical are almost certainly incorrect. 
The two enzymes, although similar in many respects, can be 
distinguished from one another by heat and pH stability. 
Partial separation of the enzymes has been obtained by ethano 
fractionation at low temperatures. 


1. Greenstein, J. P., In 8S. P. Covowick N. O. Kartan (Edi- 
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Il. SOME ASPECTS OF SUBSTRATE SPECIFICITY* 


L. A. Mounter,f Trex H. Dien, anno Frep E. 


From the Department of Biochemistry, School of Medicine, University of Virginia, Charlottesville, Virginia and the 
Department of Biophysics, Medical College of Virginia, Richmond, Virginia 


(Received for publication, April 10, 1958) 


In a preceding paper (1), evidence has been presented that two 
enzymes of hog kidney, dialkyifluorophosphatase (2) and amino 
acid Acylase I (3) are separate and distinct enzymes (4). The 
DFPases' are widely distributed (5, 6); naturally occurring 
substrates are unknown although these enzymes bear some 
resemblances to peptidases and esterases. It was also noted 
that there was some correlation between the distribution of 
DFPase and amino acid acylase in microorganisms, although 
the data on which comparison can be based are limited (7, 8). 
The existence in a single tissue of several enzymes of over- 
lapping specificity has been found to occur in many instances; 
some particularly well known examples are those of blood es- 
terases (9, 10), cathepsins (11), and also other peptidases. Since 
specificity data for hog kidney DFPase and Acylase I had been 
based on the use of extracts containing a mixture of these en- 
tvmes, it was possible that previous conclusions might have to 
he modified when studies were made with more highly purified 
fractions. The present report describes investigations which 
were undertaken to determine (a) whether fractions obtained in 
the separation of DFPase and Acylase I would hydrolyze dialkyl 
phosphate esters and acetylated amino acids at the same rates 
as the parent preparations and (6) whether hog kidney DFPase 
might hydrolyze higher homologous acyl amino acids. The 
results obtained indicate that existing concepts of the speci- 
ficity of DFPase and Acylase I are not altered using these new 
fractions. Additional information pertaining to the range of 
substrates hydrolyzed by Acylase I has been obtained. 
MATERIALS AND METHODS 


The enzymes used were obtained from hog kidney by the meth- 
ods described in a preceding paper in which the methods of 
assay are also reported (1). The substrates used were DFP 
and other representative phosphorus triesters employed in earlier 
specificity studies (12). Most N-acetylated amino acids were 
obtained commercially, but acylated homologues were synthe- 
sized in the laboratory by the general procedure of Abbott (13) 
for the preparation of N-propiony! glycine. The method was 

* This investigation was supported by research Grant Nos. 
RG-4246(C) and CY -3652 from the Division of Research Grants, 
United States Publie Health Service. 

t Present address, Department of Biophysics, Medical College 
of Virginia, Richmond, Virginia. 

t Present address, Huntington Laboratory, Massachusetts 
General Hospital, Boston, Massachusetts. 

' The abbreviations used are: DFPase, dialkylfuorophospha- 
tase; DFP, diixopropy!l fluorophosphate. 


modified with respect to reaction time and method of isolation 
of the product. 

Typically, 0.085 mole of the amino acid and 0.098 mole of the 
appropriate acid anhydride were mixed in a glass-stoppered 
flask and heated on a water bath until solution was either com- 
plete or 90 per cent complete with the formation of a yellow to 
orange oil. The reaction mixture was then cooled overnight, 
taken up in approximately 100 ml. of ether, and filtered to re- 
move any unreacted amino acid. Theethereal filtrate was washed 
three times with 50 ml. portions of water, dried over anhydrous 
sodium sulfate, decanted, and the ether evaporated in a vacuum 
to a thick oil. The oil was then crystallized and recrystallized 
from an appropriate solvent or solvent pair. 

N-Propionyl Glycine—The reaction mixture solidified on cool- 
ing after a reaction period of 0.5 hour. The final oily product 
was crystallized from ether and recrystallized from absolute 
ethanol: m.p., 125-127° (Abbott (13) 125-128"). 

N-Butyryl Glycine—The reaction mixture solidified on cooling 
after a reaction period of 0.5 hour. The product was crystal- 
lized from benzene and recrystallized from ether-petroleum ether: 
m.p., 68.5-70° (Schachter and Taggart (14), m.p. 69°). 

N-Propionyl Leucine—The product was crystallized and re- 
crystallized from ethanol-water: m.p., 125-128”. 

N-Butyryl Leucine—The impure solid was crystallized from 
ethanol-water and recrystallized from 95 per cent ethanol: 
m.p., 188-190° (evacuated tube). 


CioH NO; 
Calculated: C 50.67, H 9.52, N 6.96 
Found: C 530.53, H 9.38, N 6.87 
N-Propionyl Valine—Crystallized from ethanol-water and 
recrystallized from ether-petroleum ether: m.p., 199.5-201.5° 
(evacuated tube). 


Caleulated: C 55.47, H 8.73, N 8.09 
Found: C 55.22, H 8.85, N7 


N-Butyryl-valine—Crvstallized and recrystallized from chloro- 
form: m.p., 154-156" (evacuated tube). 


C,HyNO, 
C 57.73, H 9.15, N 7.48 
C 57.48, H 8.87, N 7.29 


Calculated: 
Found: 


No.4 

ility of 

Z\ mes 

zyme, 

proof 

iVities 

paral. 

tion 

rately 
arious 

in as 
ion of 
rrings 

is of 

ected 

Ikyl- 

be 
vility. 
hano 

EN- 

903 


Five additional N-acetylated amino acids were obtained from 
Drs. John Andrako and J. Doyle Smith of the Department of 
Pharmaceutical Chemistry, Medical College of Virginia, as 
follows: caproic acid; N-acetyl- 
DL-a-amino heptylic acid; N-acetyl-pt-a-amino caprylic acid; 
N-acetyl-pL-a-amino pelargonic acid; and 

A full report of the synthesis of these and other related com- 
pounds will be published separately. The purity of the com- 
pounds was determined by (a) nitrogen analysis, and (6) failure 
to yield any positive ninhydrin reaction, indicating complete 
acetylation of the free amino group. 


Kinetics of Hydrolysis of N-Acetyl Amino Acids—A prelim- 
inary investigation was made of the kinetics of hydrolysis 
of several N-acetyl amino acids to ensure the selection of opti- 
mal conditions for specificity studies. The effects of pH and 
substrate concentrations are shown in Figs. 1 and 2. At pH 
7.4 and with 0.01 ™ substrate, the rate of hydrolysis was linear 
with respect to time and enzyme concentration. 

Although Co** is not essential for the enzymatic activity of 
DFPase and Acylase I, the presence of this metal ion has pre- 
viously been shown to increase the rate of hydrolysis of certain 
substrates by these enzymes (2, 15). The effect of Co** has 
been reported to vary considerably with different amino acid 
substrates; low rates of hydrolysis, such as that found with acety! 
glycine, are increased by this metal ion whereas high rates of 
hydrolysis, such as that of acetyl methionine, are inhibited. 


AC-METH 
10- 
=) 
x 
= 
= 
~ 
51 AC-LEUCINE 
AC-GLYCINE 
T | 
7 8 9 
pH 


Fic. 1. Effect of pH on the rate of hydrolysis of N-acetyl amino 
acids by Acylase I. The substrate was 0.06 mu; the buffers were 
acetate, phosphate, and borate, 0.05 mu. 
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Fic. 2. Effect of substrate concentration on rate of hydrolysi« 
of N-acetyl amino acids by Acylase 1. The reaction was carried 
out at 37° in 0.05 « phosphate buffer, pH 7.2. Curves: 1, acetyl 
methionine; 2, acetyl alanine; 3, acetyl valine; 4, acetyl leucine; 
5, acetyl glycine. The rate of hydrolysi« of glycine, valine, and 
leucine was multiplied <5 for clarity of presentation. 


Variations in the effect of Co** on the hydrolysis of different 
acetylated amino acids were confirmed. The addition of 10° 
u Co** to the incubated mixture increased the rate of hydrolysis 
of N-acetyl glycine 120 per cent and N-acety! alanine SO per 
cent, but inhibited N-acetyl methionine approximately 530 per 
cent. Valine and leucine derivatives were little affected. 

Comparison of Rates of Hydrolysis of Organophosphorus and 
N-Acetyl Amino Acids by Hog Kidney Fractions —The rates of 
hydrolysis of several organophoxphorus compounds and N-acetyl 
amino acids were determined with hog kidney fractions including 
those in which a separation of DFPase and Acyvlase I activities 
had been obtained (1). The results (Table 1) show that the 
subfractionation does not alter the relative rates of hydrolysis 
of the two types of substrates; the rates of hydrolysis of the or- 
ganophosphorus compounds are identical with those previously 
reported (12), whereas the ratios of activities with different 
N-acetyl amino acids are in excellent agreement with the data 
of Birnbaum ef al (3). The data support the belief in the separate 
identity of the two enzymes. 

In view of the possibility of an overlapping «pecificity of the 
two enzymes, several homologous acetylated amino acids were 
tested as posible substrates for DFPase-rich fractions. Moet 
of these compounds were found to be hydrolyaed by Aevlase I, 
showing consistent relative rates of hydrolysis when compared 
to those of N-acetylated amino acids for which data were 
available. There was no evidence for hydrolysis by DFPase. 
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Taste I 


Relative rates of hydrolysis of organophosphorus compounds and acetylated amino acids by hog kidney fractions 


Rates of hydrolysis — gsmoles of substrate per mg. of N per 30 minutes. 


300 STRAIGHT 
CHAIN 
200- 


RELATIVE RATE OF HYDROLYSIS 


23456789 0 


NO. C ATOMS IN AMINO ACID 


Fia. 3. Influence of carbon chain length on rates of hydrolysi« 
of N-acetyl amino acide. The abecisea represents the number of 
carbon atoms in amino acid. The maximal rate of hydrolysie ix 
obwerved at norleucine. The branched chain acide are: Cy, 
valine; C4, leucine; C;, a amino heptylic acid. 


The studies of Acylase | «pecificity showed that numerous 
N-aecyl amino acids are hydrolyzed by Acvlase 1. Data pre- 
sented in Fig. 3 show that «traight chain derivatives of amino 
acids have an optimal length of 6 carbons. Branching at the 
eml of the carbon chain produces a noticeable decrease in the 
rate of hydrolysis. The results are similar to those observed 
with the exterases (9) and lipases (16). 

When higher acvl homologues of the amino acids were tested 
as substrates, some variations of rates of hydrolysis were ob- 


Organophosphorus compounds* 
Fra: thom | N-acetyl amino acids 
DFP TEPP | Leucine Valine Alanine 
Ad 105 (100)% 70 (65) 62 (60) 1,700 (100) 370 (22) 260 (15) 16 
A2 275 (100) 190 (70) 160 (58) 4,300 (100) 1,000 (23) 315 (7) 16 
A-ls 1995 (100) 120 (67) #120 (@) 3,500 (100) 800 (23) 460 (13) 18 
A-lus 35 (100) 24 (GS) (58) 6,400 (100) | Iss 
5 (100) 9,500 (100) 2,200 (23) 670 (7) 1,200 (12) ‘1, 900 
A-liw 4 (100) (62) 4,000 (100) | 950 (24) «1,000 
DFP, diisopropyl! e; TEPP, tetraisopropy! pyrophosphate; and DMCIVP, dimethy! chloroviny|lphosphate. 


t Rates calculated on basi« of DFP and acetyl methionine hydrolysis. 
t Figures in parentheses represent relative rates of hydrolysis. DFP and acetyl methionine = 100 per cent. 
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Fia. 4. Rates of hydrolysis of N-acyl glycines by hog kidney 
Aeviase I as a function of substrate concentration. The phosphate 
buffer was pH 7.2 and 0.06 w at a temperature of 37°. @——-@, 
N-acetyl glycine; N-propionyl glveine; N-bu- 
tyry!l glycine. Values for N-butyry! glycine divided by 3 for 
convemence of scale. 


ments. It was found however that this was due to marked 
autoinhibition as substrate concentration was increased. Rep- 
resentative data are shown in Fig. 4. It was also apparent that 
the rates of hydrolysis were very dependent on the over-all 


\ 
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Taste II 
Relative rates of hydrolysis of N-acyl amino acids by hog kidney 

Acylase I 

group* 
Amino acid 
Acetyl N-propiony! N butyry! 

Glycine............ 100 190 680 
Alanine............ 100 13D 
100 4 2 
ERIS: 100 6 2 


* Rate of hydrolysis of N-acetyl derivative = 100 per cent. 


size of the substrate molecule. Thus with glycine and alanine, 
it was found that the derivatives containing the largest acyl 
groups were hydrolyzed most rapidly; with more complex amino 
acids such as valine and leucine, the rate of hydrolysis decreased 
rapidly with increasing size of the substituted group. Data 
presented in Table II have been calculated on the basis of maxi- 
mal observed velocities. The relative rates were independent 
of the enzyme preparation used, indicating that the hydrolysis 
is due to a single enzyme. Studies of the effect of pH on the 
rates of hydrolysis of N-propionyl and N-butyryl valine and 
leucine indicated pH optima in the region of pH 7.5, and the 
same value was obtained with the N-acetyl derivatives. These 
experiments were carried out with the same methods used to 
obtain the data presented in Fig. 1, except for the higher enzyme 
concentration required to produce adequate liberation of free 
amino acid for measurement. The heat stability of Acylase I 
samples, measured with higher acyl amino acid homologues as 
substrates, was identical to that obtained for N-acetyl amino 
acids. This also supports the belief that a single enzyme is 
responsible for the hydrolysis of both series of compounds. 


DISCUSSION 


The experiments reported show no evidence for an overlapping 
specificity of hog kidney DFPase and Acvlase I. Relative rates 


Hog Kidney Acylase 1. I1 


of hydrolysis of organophosphorus compounds and N.-aey| 
amino acids with various kidney fractions show that a separs. 
tion of DFPase and Acylase I activities does not affect th 
specificity within the classification of the two types of substrate 
Like many other hydrolytic enzymes, Acylase I seems to be 
relatively nonspecific for an homologous series of substrates. 
Amino acid derivatives with a straight carbon chain are by. 
drolyzed more rapidly than those in which there is chain branch. 
ing. The optimal chain length is at 6 carbons, corresponding 
to norleucine. It may be noted that the most rapidly hydrolyzed 
acetylated amino acid is the methionine derivative (3); this is 
almost isosteric with norleucine. Unlike the cholinesterase 
and lipases (9), there seems to be a change in the optimal six 
of the acyl group with change of size in the remainder of the 
molecule. If atomic models of the various Acvlase I substrates 
are constructed, it can be seen that higher homologues show 
appreciable steric hindrance between the large acyl group and 
amino acid moiety; the configurations suggest that the carbonyl 
portion of the acyl group, together with the amino nitroges 
and carboxyl group, must be able to attain a planar configuration 
before significant hydrolysis can be effected by the enzyme. 


SUMMARY 

Further evidence is presented indicating that hog kidney 
dialkylfluorophosphatase and Acylase | are separate and distinet 
enzymes; there is no evidence for an overlapping specificity 
within the range of phosphate esters and N-acyl amino acids 
tested as substrates for these enzymes. 

The rates of hydrolysis of several new acyl amino acids by 
Acylase I have been determined. The specificity of Acylase I is 
discussed. 


Acknowledgment—The authors are grateful to Dr. C. E. 
Griffin for the preparation of some of the N-acyl amino 
acids. 
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Putreseine, NHACH.).NH,, spermidine, NH.(CH,),NH- 
(CH,)«NHz, and spermine, H(CH2)sN Hz, 
are naturally occurring polyamines (for bibliography see ref. 6). 
That they have physiological significance is suggested by the fol- 
lowing: they have been shown to be essential growth factors for 
Hemophilus influenza (7-9) and for a mutant of Aspergillus nidu- 
lans (10), and to stimulate the growth of Lactobacillus casei (11), 
Neisseria perflava (12) and Pasteurella tularensis (13). A wide 
distribution has been reported for spermine in animal tissues and 
for putrescine in microorganisms, and recent studies have shown 
that spermidine is also present in many mammalian and bacterial 
cells, often attaining concentrations of 100 to 300 ygrams gm. of 
wet weight (6, 8, 14). Studies from this laboratory (unpub- 
lished) and by Keister (15) have demonstrated that «spermidine 
and spermine have a high affinity for nucleic acids. Recently, 
Escherichia coli bacteriophage T4 has been shown to contain a 
concentration of putrescine and spermidine sufficiently high to 
neutralize a large part of the bacteriophage nucleic acids (16). 
Pharmacological studies have demonstrated that spermine has a 
potent nephrotoxic action, producing death from renal tubular 
necrosis in laboratory animals (17-19); furthermore, under cer- 
tain conditions spermine and spermidine, or their enzymatic deg- 
radation products, are highly toxic to bacteria (19-25), trypano- 
somes, and spermatozoa (19). Spermine and spermidine have 
alo been shown to antagonize the bacteriostatic action of quina- 
erine, quinine, and diamidines (23-26). 

Until recently (1-5), however, very little has been reported 
concerning the biosynthesis of spermidine and spermine. In the 
work reported in this paper we have demonstrated that isotopi- 
eally labeled putrescine was incorporated into these polyamines 
in several microorganisms. With growing cultures of FE. coli 
and of A. nidulans we have shown by the use of doubly labeled 
C.N!*putreseine that the putrescine was incorporated as a unit 
into these polyamines without significant change in the C™ to 
N" ratio. These data indicated that putrescine is the source of 
the diaminobutane moiety in spermidine and spermine. The 
source of the terminal aminopropane moiety of these compounds 
has been shown by other work from this laboratory by Greene 
(2, 4), which demonstrated that the isotope from 2-C™-p1- 
methionine was incorporated into spermidine in cultures of Veu- 


* Preliminary reports on the biosynthesis of spermidine from 
putrescine and methionine have been published previously from 


this laboratory (1-5). 


has been shown to require putrescine, t-methionine, ATP, and 
Mg**. S-Adenosyl-t-methionine (27-31), the compound de- 
scribed by Cantoni as the intermediate in methylation reactions, 
appeared to be an intermediate in this reaction also, and could 
substitute for the requirement for methionine and ATP. The 
results with purified enzyme preparations will be reported in a 
subsequent publication. 


EXPERIMENTAL’ 


Synthesis of C™-Putrescine 
(NH CYH CH CH CYH 

C-labeled succinonitrile was prepared by the addition of 
NaC*N to BrCH,CH,CN; the succinonitrile was then hydro- 
genated catalytically. 

The first step was found to proceed best when the NaC“N 
was added very slowly to the bromopropionitrile solution. This 
was conveniently accomplished by the following procedure: 1.67 
gm. (12.5 mmoles) of bromopropionitrile and 3.5 ml. of absolute 
ethanol were refluxed in a small, round-bottomed flask in a sili- 
cone bath (approximately 135°). Between this flask and the 
reflux condenser a connecting tube was inserted; this contained 
a sintered glass disk on which the solid NaC"N was placed. A 
suitable bypass around the sintered glass obstruction was pres- 
ent to permit the passage of the hot ethanolic vapors from the 
flask to the reflux condenser. The condensed ethanol, however, 
passed through the solid NaC™N, and a dilute NaC™N solution 
was continually returned to the reaction vessel. NaC™N, con- 
taining a small amount of NaBr, was used; thix had been pre- 
pared by evaporating to dryness an ethanolic solution (5 ml.) of 
1 mmole of commercial NaC"N (containing | mmole of NaOH), 
11 mmoles of carrier NaCN, and 1.02 mmoles of NH,Br. 

After 24 hours the NaCN had all dissolved and the heating 
was discontinued. Approximately 10 ml. of ethanol were added 
to the reaction vessel and the total contents were filtered to re- 
move precipitated sodium bromide. The filtrate was then evap- 
orated to dryness in a vacuum. The residue was dissolved in 
water and extracted four times with 30 ml. portions of CCl; 
the CCl, extract, containing any unreacted bromopropionitrile, 
was discarded. The aqueous layer was then extracted with four 
30 ml. portions of CHCl. The combined CHCl, extracts were 
evaporated in a vacuum, leaving a residue of succinonitrile. 
The succinonitrile was purified by sublimation in a vacuum (20 
mm. Hg). Over-all yields of 60 to 80 per cent were obtained. 


! We wish to thank Dr. Hugo Bauer and Dr. Everette May for 
advice and help on the syntheses reported in this section. 
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rospora crassa. 

In this report the biosynthesis of «spermidine has also been 
demonstrated in cell-free preparations of E. coli, and the reaction 
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The sublimed succinonitrile was transferred to a reduction flask 
with the aid of 25 ml. of absolute ethanol. 

Previously reported procedures for the catalytic reduction of 
succinonitrile in neutral solution usually resulted in poor yields 
of putrescine (approximately 20 per cent) because of formation 
of large quantities of pyrrolidine. We have been able to decrease 
this formation of pyrrolidine and to increase the yield of putres- 
cine to 75 per cent by adding sulfuric acid to the reduction 
mixture, a procedure previously used by Weygand (32) for the 
preparation of 8-alanine ethyl ester from its nitrile. To the flask 
containing the succinonitrile in absolute ethanol, 200 mg. of 
PtO, catalyst and 2 ml. of concentrated H,SO, were added with 
cooling, and hydrogenation was carried out with shaking at room 
temperature and atmospheric pressure. After 3.5 hours the 
theoretical quantity of hydrogen was consumed. At this time 
water was added to the reaction mixture, and the catalyst was 
removed by filtration. 

The filtrate was passed through a Dowex l-acetate column 
(1.6 cm. X 24 cm.; coarse mesh, 8 to 10 per cent cross-linked) 
to remove the sulfuric acid. The unadsorbed material, together 
with a water wash, was then adsorbed on a Dowex 50-H* column 
(1.3 < 17 cm., 2 per cent cross-linked) and eluted by gradient 
elution (200 ml. H,O in the mixing reservoir; 2.5 x HCl in the 
upper vessel). The fractions (160 to 280 ml. volume) which 
contained the radioactive putrescine were then evaporated to 
dryness; the yield was 800 mg., 5 mmoles. The over-all yield, 
based on the NaC"N used, was 42 per cent. Elementary anal- 
ysis* on a similar synthesis without C" was: 


Cl; 


Calculated: C 29.83, H 8.76, N 17.39 
Found: C 29.92, H 8.84, N 17.32 


Radiopurity of the C'-putrescine dihydrochloride was checked 
by paper chromatography (Rr, 0.79) in n-propanol, 50; H,O, 
48; glacial acetic acid, 2; disodium ethylenediaminetetraacetate, 
0.1 gm.; and by chromatography on Dowex 50-H* and Amberlite 
XE-64-K*. The specific activity, measured with a gas flow 
counter (33), was 75,000 c.p.m./ymole. 

Synthesis of N'*-Putrescine Dihydrochloride 
(N“H CH CH CH CH N“H,-2HC) 

N'“diphthalimidobutane was prepared by the reaction of 
N'*-phthalimide (64 atom per cent excess) with 1 ,4-<dibromobu- 
tane, and converted to putrescine dihydrochloride by treatment 
with aqueous hydrazine. This procedure is essentially the same 
as that used by Sheehan and Bolhofer (34) for the synthesis of 
diaminoadipic acid. 

3.88 gm (21 mmoles) of N'*-potassium phthalimide were slowly 
added, with good mechanical stirring, to a mixture of 2.15 gm. 
(10 mmoles) of 1,4-dibromobutane and 25 ml. of dimethyl- 
formamide. The reaction vessel was then heated at 90° for 2 
hours. After the contents had cooled they were transferred to a 
separatory funnel with 40 ml. of chloroform and 120 ml. of water. 
After extraction the chloroform layer was separated and the 
aqueous layer was reextracted four times with 10 ml. portions of 
CHCl. The combined CHC\, solutions were washed succes- 
sively with 20 ml. of cold 0.1 s NaOH and with 20 ml. of cold 


* The elementary analyses were carried out by the micro- 
analytical laboratory of this Institute under the direction of Dr. 
William C. Alford. 
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water. The CHCl, extract was then dried over Na,SO, and 
evaporated to 50 ml. volume. Diphthalimidobutane was pre. 
cipitated by the addition of 25 ml. of ether and was collected by 
filtration. A yield of 3.35 gm. (96 per cent) was obtained, with 
a melting point (uncorrected) of 224.5-226°. 

A mixture of the diphthalimidobutane, 50 ml. of methanol, 
and 1.16 ml. of 85 per cent aqueous hydrazine hydrate was re. 
fluxed on a steam bath for 100 minutes. After the methand 
was removed by distillation in a vacuum, 50 ml. of 6 s HC! wer 
added and the mixture was refluxed for 2.5 hours. The solution 
was filtered and the filtrate was dried ina vacuum. The residue 
was dissolved in 100 ml. of boiling 95 per cent ethanol. After 
the solution was concentrated in a vacuum to a volume of 50 ml. 
it was cooled to — 15°, and crystals of putrescine dihydrochloride 
were obtained. These were collected by filtration and were 
washed with cold absolute ethanol. The yield was 930 mg 
Analyses are given below: 


Cl, (4 atom per cent excess 


Caleulated: C 29.50, H 8.69, N 18.04 
Found: C 29.69, H 8.55, N 18.21 


Additional material could be obtained by concentration of the 
mother liquor. 
Synthesis of C“OOH -o1-M ethionine 

C™OOH-pt-methionine was synthesized with minor modifica- 
tions according to the nonisotopic methionine synthesis described 
by Gaudry and Nadeau (35) and by Pierson ef al. (36). Labeled 
a-hydroxy-y-methylmercaptobutyronitrile was prepared by the 
reaction of with §8-methylmercaptopropionaldehyde. 
This was converted to the corresponding hydantoin with am- 
monium carbamate; alkaline hydrolysis then yielded C“OOH- 
pi-methionine. This was then isolated and purified by Dowex 
50 and paper chromatography. 

C™“H,-t-methionine, 2-C-pt-methionine, 
and 2-C"-p.-ornithine were commercial preparations. C™ 
cadaverine hydrochloride was kindly supplied by Dr. Richard 
Schayer. Methylmercaptopropylamine was prepared by the 
method of Tutiya (37), as modified by Dr. Stuart Patton (per- 
sonal communication). 


Chromatographic Determination of Amines 
Quantitative determination of the various amines was carried 
out by columnar chromatography (Fig. |) and colorimetric as- 


says with dinitrofluorobenzene (6). 
Method A—The best separation of the amines from each other 


lite XE-O4-K* (Fig. LA). 
were assayed by this method, the trichloroacetic acid was first 
removed by ether extraction, and the solution was adjusted to 
approximately pH 7 with KOH. 

In this method, the eluates contained large quantities of salt, 
and therefore for isotopic studies one of the following two chro- 
matographic procedures was preferable. 

Method B—To separate putrescine, spermidine, and sper- 
mine, Dowex 50-H* columns and gradient elution with 2.5 ~ 
HCl were used. The elution pattern is presented in Fig. 1B. 
This method does not separate putrescine from several con- 


* We wish to thank Dr. Milton Winitz of the National Cancer 
Institute for suggesting this synthetic procedure. 
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A AMBERLITE XE-64-xK* 


B. DOWEX 50-H* 


TiOINE] 
(Lysine) 
THIONINE | 


C. AMBERLITE XE-64-H* 


ETHI- 
iN 


WATERO 40 80 120 0 200 240 280 320 


WASH ML. OF ELUATE 


Fic. 1. Chromatography pattern on Amberlite XE-64-K*, Dowex 50-H*, and Amberlite XE-64-H* resins. Column dimensions were 
06 X 8 em. (inside diameter X height). 

Method A, Amberlite XE-64-K*: After an initial washing with HCI and water the resin was equilibrated with 1s KOH. It was then 
thoroughly washed with water; during this process the finer portions of the resin were disearded. Gradient elution (38) was carried out, 


_ with air pressure and with a buffered Na,SO, solution containing 0.1 mole of sodium phosphate, pH 7.2, and 1.67 moles of sodium sul- 


fate/liter. The mixing vessel contained 200 mi. of HO. To separate the amines from the salt in the eluates, excess trisodium phos- 
phate was added and the amines were extracted with n-butanol or ¢-butanol, as described by McIntire e¢ al. (39). The acetylspermine 
used was the diacetyl derivative (prepared by Dr. Hugo Bauer). 

Method B, Dowex 50-H* (2 per cent cross-linked, 100 to 200 mesh): Gradient elution was carried out with 2.5 » HCl; 300 ml. of H,O 
were in the mixing vessel. In some of the later experiments Dowex 50-H*, 2 per cent cross-linked, 200 to 400 mesh, was used. With 
the same elution conditions the elution volumes were found to be as follows: putrescine, 120 to 144 ml.; spermidine, 233 to 277 ml.; 
spermine 343 to 390 ml.; and S-adenosylmethionine, 262 to 452 ml. Several other compounds were also chromatographed on this resin 
and were eluted as follows: methionine, 46 to 67 ml.; methylsulfonium methionine, 101 to 133 ml.; thiomethylpropylamine, 59 to 67 ml.; 
methylsulfonium propylamine, 117 to 143 ml.; glutamic acid, 32 to 40 ml.; histidine, 104 to 131 ml.; arginine, 131 to 158 ml.; and ergo- 


thioneine, 48 to 84 ml. 
Method C, Amberlite XE-64-H*: Gradient elution with 1 ~ acetic acid was used; 200 ml. of water were in the mixing vessel. 


ACETYL 
ME 
PROPYL- 
AMINE 
TINE 
LOINE 
PROPANE- 
CHOLINE 
NE URINE 
LYSINE 
= MET 
ONINE 
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taminating amino acids; the concentrations of these amino acids, 
however, are usually low in most protein-free extracts. Like- 
wise, Method B does not permit a satisfactory separation of 
spermidine or spermine from S-adenosylmethionine. 

Method C—To separate spermidine from S-adenosy|lmethionine 
the solutions were neutralized to pH 7 with KOH, adsorbed on 
Amberlite XE-64-H* columns, and eluted as indicated in Fig. 
1C. When trichloroacetic acid extracts were assayed by this 
method the trichloroacetic acid was first removed by ether ex- 
traction. 

Rapid Ch bic Determinats 

The chromatographic procedures were further modified when 
multiple, rapid determinations were desired. 

Method D—For the rapid determination of radioactive spermi- 
dine in the presence of radioactive adenosylmethionine, the sam- 
ple, containing 2.5 ymoles of carrier spermidine phosphate, was 
deproteinized with trichloroacetic acid. After removal of the 
trichloroacetic acid with ether the sample was neutralized with 
KOH and passed through an Amberlite XE-64-H* column (0.5 x 
6 cm.), with air pressure. After the column was washed with 
water it was eluted with 50 ml. of 0.13 NS acetic acid in 10 ml. 
portions. The radioactive spermidine was found in the 20 to 40 
ml. fraction. Adenosylmethionine was then eluted with 10 ml. 
of 2.5 ~ HCl. 

Method E—For the rapid determination of radioactive spermi- 
dine in the presence of radioactive putrescine, the samples were 
deproteinized with 0.6 trichloroacetic acid and passed through 
a Dowex 50-H* column (2 per cent cross-linkage; 100 to 200 
mesh; 0.5 x 4.5 cm.) with air pressure. After the column was 
washed with water putrescine was eluted with 150 ml. of 0.5 
s HCl over a period of 30 to 60 minutes. Radioactive spermi- 
dine was then eluted with 10 ml. of 2.5 x HCI. 


C™ and N** Determinations 
C™ was determined at infinite thinness in a windowless gas 
flow counter (33). N'* was determined, after the addition of 
carrier and conversion to N», in a Consolidated-Nier mass spec- 
trometer. We wish to thank Mr. W. E. Comstock and Dr. J. 


White of the National Cancer Institute and Mr. A. L. Kenney 
and Dr. D. Stetten, Jr., of this Institute for the N'* analyses. 


Incorporation of CH CH into Spermidine 
and Spermine in Cultures of Various Microorganisms 


A. nidulans (pu,),‘ a putrescine-requiring mutant (10), was 
grown in a medium containing C"-N'-labeled putrescine (Ta- 
ble I). After trichloroacetic acid extraction of the mycelium, 
spermidine and spermine were separated by Dowex 50 chroma- 
tography. Only traces of putrescine were found in these ex- 
tracts. 

As indicated in Table I the isolated spermidine contained 14.4 
per cent of the added C™ and 16.7 per cent of the added N". 
The isolated spermine contained 52.4 per cent of the added C™ 
and 52.6 per cent of the added N"*. The C"* to N" ratio of the 
isolated polyamines was essentially the same as the C™ to N™ 
ratio in the added putrescine. These data indicate that putres- 
cine was incorporated as a unit into spermidine and spermine. 


* We wishtothank Dr. P. A. H. Sneath for supplying this mutant 
strain of Aspergillus nidulans (10). 
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Tame 
Incorporation of C*.N'*. putreacine into polyamines in 
putrescine-requiring mutant of A. nidulans 

A. nidulans (pu,;) was grown at 37° for 71 hours with aeration 
in 3000 ml. of the glucose-nitrate-salt medium of Pontecorvo (40), 
supplemented with 1 gm. of Tween SO (Atlas Powder Company) 
and with isotopic putrescine as indicated. After the incubation 
period the mycelium (15 gm. wet weight) was collected by filtra. 
tion and washed with a 0.25 per cent NaCl-0.25 per cent KCI 
solution. The mycelium was extracted with 5 volumes of hot 03 
w trichloroacetic acid. SO ml. of this extract were then chromato. 
graphed by a modification of Method B (Fig. 1) on a Dowex 50-H* 
column (2 per cent cross-linked, 1.3 X 11 em.), with gradient elu- 
tion (mixing vessel, 300 ml. H); eluting fluid, 2.5~ HCl). Ele. 
tion volumes were 286 to 346 ml. for spermidine and 380 to 450 ml. 
for spermine. Only traces of putrescine are present in these 
extracts, as determined by evaporation of the 160 to 180 ml. frac. 
tion and by rechromatography on Amberlite XE-64-K* according 
to Method A. 


| Recovered in myceliam* 
Added 
 ~putrexine 


2.51 5.97 


12.40 
C™-total counts per min. 
C"*-specific | 


amole ) 10,3007 1, 700 
N**.gmoles excess 12.0 2.01 6.31 
N".atom per cent excess} 48.2 40.2 52.6 
ratiog...... 15,000 12,900 14,900 


* These values represent the total material obtained in the 
mycelium (15 gm. wet weight). The medium was analyzed sep- 
arately and contained essentially no putrescine, spermidine, or 
spermine. 

t Subsequent experiments have indicated that this «mall de- 
crease in specific activity in the spermidine area can be accounted 
for by an unknown impurity which was eluted in this area and 
which reacts with dinitrofluorobenzene. 

¢ Atom per cent excess of N'* was calculated on the assumption 
that the putrescine moiety of spermidine and spermine contained 
all of the incorporated N“* and that the rest of the molecule con- 
tained no N". 

§ Total counts per minute, umoles excess N'*. 


The specific activity of the isolated polyamines was similar to 
that of the added putrescine, indicating that there was no dilu- 


tion of these materials from endogenous sources in this putres 


cine-requiring mutant. 

E. coli, strain W,* was grown in a medium containing C- 
N'“labeled putreseine (Table Experiment A). After harvest- 
ing the cells, the amines were separated by a modification of 
chromatographic Methods A and B. Putrescine, isolated from 


25, 000 | 94,100 ' 


the cells in Experiment A, contained 10.3 per cent of the added | 


C" and 11.2 per cent of the added N". ‘The spermidine fraction 
in this experiment contained 13.5 per cent of the added C™ and 
14.9 per cent of the added N". No significant amounts of «per- 
mine were detected in these experiments, Thus, in these 
experiments the C" to N"* ratio in the isolated putrescine and «per- 
midine was the same as the C™ to N' ratio in the added putree 
cine, indicating that in F. coli as in A. nidulans the putrescine 
was incorporated as a unit into «permidine. 


* Kindly supplied by Dr. Bernard D. Davis. 
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Incorporation of isotopically labeled putrescine and 
ornithine into polyamines in E. coli 

Experiment A: E. coli strain W (ATCC 9637) was grown at 37° 
for 21 hours with shaking in 2000 ml. of the glucose-ammonia-salt 
medium of Davis and Mingioli (41), supplemented with 1 ml. of 
vitamin mixture (8) and with isotopic putrescine dihydrochloride 
as indicated. The cells (5.5 gm.) were harvested by centrifuga- 
tion, washed with 0.25 per cent NaCl-0.25 per cent KCI solution, 
and extracted with 4 volumes of 0.4 ~ trichloroacetic acid. Most 
of the trichloroacetic acid was then removed by three extractions 
with equal volumes of ethyl ether. The solution was passed 
through a Dowex 30-H* column (2 per cent cross-linked; 1.3 X 24 
em.), and the polyamines were eluted by gradient elution. The 
mixing vessel contained 500 ml. of water, and the eluting fluid was 
25% HCl. Putrescine was eluted in the 267 to 332 ml. fraction 
and spermidine in the 487 to 560 ml. fraction. 

The putrescine fraction was further purified by evaporation to 
dryness, extraction into ¢-butanol (39), and chromatography by 
Method A (Fig. 1). To separate the putrescine from most of the 


galt in the eluting fluid for radioactivity measurement, the putres- 


cine was again extracted into n-butanol after the addition of 
excess trisodium phosphate (39). 

Experiment B: EB. coli 160-37, an ornithine-requiring mutant 
blocked bet ween acetylornithine and ornithine (42, 43), was grown 
on 00 ml. of medium (41), supplemented with 2-C'*-pL-ornithine 
hydrochloride as indicated, for 21 hours at 37° with shaking. 720 
mg. of cells were obtained, which were then treated as described 


for Experiment A. 


| Putrexine Spermidine 
A. | | 
pmoles.. 33.7 | 11.3 


C™-total p. m. 
activity (¢. p.m. / 


pmole) 13,200 8 8=— 5, 3003 
of excess 32.6 3.4 4.85 
N'*-atom per cent excess§ 48.4 5.2 21.4 
ratio§ 8.700 14,000 12,400 

BR. hine- 

requiring mutant) 

C™-total p.n m.. q 5,000 
activity (¢.p.m. / 

2,10 | q 2,100 


* These values represent the total material obtained in the 
cellular portion (Experiment A, 5.5 gm.; Experiment B, 0.72 gm.). 
The medium was analyzed separately in Experiment A and con- 
tained essentially no putrescine, spermidine, or spermine. 

* The procedure for the isolation of putreseine was checked by 
carrying out the same isolation procedure on 44 gm. (wet weight) 
of E. coli in a separate experiment. Putrescine picrate was iso- 
lated and was shown to have the correct analyses for C, H, and N. 

t The isotopic spermidine was recrystallized as the hydrochlo- 
ride after the addition of carrier spermidine hydrochloride. The 
expected specific activity was observed, even after repeated re- 
erystallizations, indicating the radiochemical purity of the iso- 
lated material. 

§ See Footnotes ({) and (§), Table I. 

€ Not determined. 
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Taste Ill 
Incorporation of C™-putrescine into polyamines in 
A. vinelandii and S. cerevisiae 

Experiment A: A. vinelandii (agilis), ATCC 9104, was grown in 
200 ml. of a nitrogen-free medium (48) which was adjusted to pH 
8.0 with Na;HPO, and supplemented with 2.14 wmoles of C™- 
putreseine dihydrochloride. The culture was incubated with 
shaking at room temperature for 20 hours. The cells (0.66 gm.) 
were harvested by centrifugation and extracted with 0.3 ~ tri- 
chloroacetic acid overnight at 25°. After centrifugation of the 
precipitate, the supernatant solution was neutralized to pH 7 and 
chromatographed according to Method B (Fig. 1). 

Experiment B: S. cerevisiae, ATCC 2335, was inoculated into 
240 ml. of minimal medium (47), supplemented with 0.12 ml. of 
vitamin mixture (8) and C'*-putrescine dihydrochloride, as indi- 
cated. The culture was incubated at 30° for 60 hours, with shak- 
ing. Upon centrifugation 2.75 gm. of cells were obtained. The 
cells were extracted with 0.3 ~ trichloroacetic acid for 25 hours, 
and, after removal of the trichloroacetic acid by extraction with 
ethyl ether, the extract was chromatographed according to 
Method B (Fig. 1). 


Recovered in cells 

A. A. vinelandii | | 
2.14 5.9° 2.9 t 
C'-totale.p.m. 160,000 9,500 10,400 t 

C“-specifie activity | 
(e.p.m./emole) ..... 75,000 1,600 3,600 t 

B. S. cerevisiae | 

C*-total ¢.p.m... OOO 64,1603 11,000 | SO4 

C"-specific activity | 
(e.p.m./umole). ..... 75,000 ¢ 2,940 4,200 


* This value for the amount of putrescine in the cells was ob- 
tained by Dowex 3 chromatography (Method B), and therefore 
may be slightly elevated as a result of possible amino acid con- 
tamination. 

Not determined. 

$ Over 90 per cent of the counts added were recovered in the 
medium at the end of the incubation. On Dowex 3 chromatog- 
raphy all of this radioactivity was eluted in the putrescine area. 


The specific activity of the isolated putrescine was 10 times 
less than the specific activity of the added putrescine, indicating 
a large additional endogenous synthesis of putreseine from un- 
labeled precursors. The higher specific activity of the isolated 
spermidine presumably reflects the specific activity of the pu- 
treseine at the time of the spermidine biosynthesis. In other 
experiments (unpublished) we have demonstrated that in com- 
parable mature cultures of E. coli the labeled putrescine contin- 
ues to be diluted by endogenously formed putrescine, but that 
spermidine biosynthesis proceeds much more slowly. 

Comparable experiments with added C'-cadaverine showed no 
incorporation of the isotepe into any compounds chromato- 
graphically similar to spermidine or spermine. 

Experiment B represents an experiment in which an ornithine- 
requiring mutant (42, 43) of FE. coli* was grown on 2-C™p1- 
ornithine. The spermidine recovered from the cells had the same 
specific activity as the added ornithine, indicating that ornithine 
is the sole source of the 4-carbon moiety of spermidine in E. coli. 
The radioactive ornithine was presumably converted to putres- 
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cine either by direct decarboxylation (45) or by a pathway in- 
volving ornithine — arginine — agmatine — putrescine (45, 46). 
The biosynthesis of spermidine was also determined in Azoto- 
bacter vinelandii* and Azotobacter chroococcum. These organisms 
were of interest because putrescine and spermidine represented 
from 4 to 7.6 per cent of the total cellular nitrogen and 22 to 26 
per cent of the cellular nonprotein nitrogen. Data on the in- 
corporation of C"-putrescine into spermidine in a growing culture 
of A. vinelandii are shown in Table III, Experiment A. In a 
similar experiment with A. chroococcum 14 ymoles of putrescine 
(specific activity, 2400) and 1 ywmole of spermidine (specific ac- 
tivity, 9400) were found per gm. (wet weight). 

The incorporation of C"-putrescine into spermidine and sper- 
mine has also been demonstrated in Saccharomyces cerevisiae 
(Table II1, Experiment B). 


Effect of on Incorporation of C"-Putrescine into 
Spermidine in E. coli Suspensions 
Although the incorporation of C"-putrescine into spermidine 
was readily seen in growing cultures of E. coli, early attempts to 
demonstrate this in mature cultures of E. coli were unsuccessful 
(1). Subsequently it was found that a slightly alkaline environ- 
ment stimulated the incorporation of C-putrescine into spermi- 
dine in £. coli suspensions. This was first suggested by analyses 


Tasie IV 
Effect of pH on formation of amines in E. coli cultures 

E. coli, strain W, was grown in 1 liter of glucose-salt medium, 
supplemented with 11 gm. of K,PO, and adjusted to the desired 
pH by the addition of HCl. Either the medium of Davis and 
Mingioli (41) (Experiments I and III) or the medium of Vogel 
and Bonner (44) (Experiment II) was used. The incubation was 
carried out, with shaking, at 37° for 24 hours in Experiments I 
and II, and at 25° for 43 hours in Experiment III. 

The cells were harvested and extracted with 0.3 ~ trichloroace- 
tic acid at 100° for 5 minutes. After centrifugation the trichloro- 
acetic acid was removed by repeated ether extractions. The 
supernatant was chromatographed by Method A (Fig. 1). 


Yield 
of cells 
Initial ‘Final Putrescine 
om” | 
Experiment I 65 | | n 1.2 
7.0 t | 28 5 2.0 
192 1.1 | 3.2 
Experiment II 5.5 4.7 0.70 11.3 0.15 
84 | 7.1) 16 | 3.9 | 3.6 
Experiment III 5.65 | 4.1 46 0.10 
6.9 | 67 446 4.6 0.9 
83 | 7.2 | 42 6.3 | 1.33 
* Wet weight. 


t Essentially no spermine (< 0.1 wmole/gm.) was found in any 
of these cells. 
Not determined. 


* The experiments with Azotobacter vinelandii were carried out 
in collaboration with Mr. Henry Starr. 
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Taste V 


Effect of pl on incorporation of C'*-putrescine into 
spermidine in E. coli suspensions 

E. coli, strain W, was grown in 500 ml. of glucose-salt medium 
(41) at 37° for 18 hours, with shaking. The cells were harvested 
by centrifugation and washed with isotonic saline. The washed 
cells (2 gm.) were suspended in 18 ml. of fresh medium and di- 
vided into five equal parts. 3 ml. of 0.2 u potassium phosphate 
at the desired pH were then added to each portion; final pH 
adjustment was made with K:CO,. 2.4 smoles (180,000 ¢.p.m.) 
of C**-putrescine dihydrochloride and 0.1 ml. of 20 per cent glu- 
cose were then added to each part, and the mixtures were inew- 
bated, with shaking, at 37° for 6 hours. 

The cells were then harvested, washed with saline, extracted 
with trichloroacetic acid, and chromatographed by Method B 
— 1) after removal of the trichloroacetic acid by ether extrae- 


<.pm. recovered in cells | 


2,000 


* Although additional K CO, was added periodically during the 
incubation period to maintain the pH at the values listed, some 
variation in pH did occur during the experimental period. The 
over-all pH range for the various experiments was 4.9 to 5.1 
(Flask 1), 6.0 to 6.5 (Flask 2), 6.9 to 7.2 (Flask 3), 7.3 to 7.7 (Plask 
4), and 7.4 to 8.1 (Flask 5), respectively. 


of the polyamine content of E. coli cells grown at different pH 
values (Table IV). When cells were grown at an acid pH they 
contained large amounts of putrescine; on the other hand, cells 
grown at pH 8.4 had less putrescine and more spermidine. 

To demonstrate the effect of pH on spermidine biosynthesis 
more directly, E. coli was grown in a pH 7 medium and the cells 
were collected by centrifugation. The cells were then divided 
into several portions and each aliquot was suspended in a small 
volume of fresh medium at the pH listed in Table V. To these 
concentrated suspensions C'~putrescine was added. Incorpora- 
tion of the isotope into spermidine was considerably greater at an 
alkaline pH. A similar effect of pH was noted in the enzymatic 
synthesis of spermidine by the E. coli sonic extracts described in 
the next section. 


Spermidine Synthesis in Cell-Free Extracts 
15 liters of medium (41), supplemented with 30 gm. of glucose, 
were inoculated with 1500 ml. of a fresh, full grown culture of 


E. coli, strain W, and incubated for 11 hours at 25° with vigorous | 


acration. The cells (50 gm. wet weight) were then harvested in 
the Sharples centrifuge. 25 gm. of cells (fresh or frozen) were 
then suspended in 100 ml. of fresh medium, placed in a Ray- 
theon 10 ke. sonic oscillator for 15 minutes, and centrifuged at 
approximately 20,000 x g in an angle centrifuge for 10 minutes. 
C™-putrescine incorporation into spermidine could be demon- 
strated in this extract if the pH of the incubation mixture was 
maintained at pH 8, but not at pH 7. After ammonium sul- 
fate fractionation of this sonicate (Table VI, Experiment A) a 
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Tastes VI 
Enzymatic synthesis of spermidine 
The complete system in Experiment A contained C'*- put rescine 
dihydrochloride, 0.12 smole, 8000 ¢.p.m.; L-methionine, | smole; 
ATP, 2.5 smoles; MgSO,, 30 smoles; E. coli enzyme, 10 mg. of a 
13 to 2.2 w (NH,),S80O, fraction; and triethanolamine buffer, pH 
$.1, in « final volume of 0.3 ml. 
In Experiment B the complete system contained unlabeled 
ne dihydrochloride, 1.2 smoles; 2-C™-pt-methionine, 2 
gmoles; ATP, 2.5 smoles; MgSO,, 30 smoles; E. coli enzyme, 5 
mg. of an ammonium sulfate fraction; and triethanolamine buffer, 
pH 8.1, in a final volume of 0.35 ml. After a 3 hour incubation at 
37° the solutions were deproteinized with trichloroacetic acid. 
The trichloroacetic acid was removed with ether and the aqueous 
layer was chromatographed by Method E (Experiment A) or by 
Method C (Experiment B). In Experiment B 3 smoles of non- 
isotopic spermidine phosphate were added as a carrier before 
chromatography. 


Experiment Spermidine 
A. From C"*-putrescine 
Complete system (C"-putrescine, ATP, ell 

L-methionine, — 0.076° 
No Mg**.. 06. 
No t-methionine..._ 6.002 
p-Methioninet instead of u-methionine .. 
Adenosy!l-t-methionine (from E. coli)? instead | 

of ATP and t-methionine 0.086 
Adenosyl-t-methionine (from liver)§ instead 

of ATP and t-methionine 0.097 

B. From 
Complete system (C-methionine, 

Mg**, putrescine, enzyme) 0.1 
No putrescinef 0.01 
No ATP ; 0.004 
No Mg** : 0.007 


* The spermidine formed was identified further by reerystalli- 
zation with carrier to constant «pecific activity. 

t 1 umole of p-methionine. 

$0.17 wmole of adenosyl-t-methionine, prepared with coli 
mae (unpublished procedure, Tabor, Rosenthal, and Ta- 


17 wmole of adenosyl-i-methionine, prepared with liver en- 
zymes as described by Cantoni (27-30). Spermidine synthesis has 
also been obtained in comparable experiments with adenosyl-L- 
methionine, prepared from yeast according to the procedure of 
Schlenk and DePalma (31). 

€ Traces of putrescine are still present in the enzyme prepara- 
tions used. 


requirement could be demonstrated for ATP, t-methionine, and 
Mg**. Adenosyl-t-methionine, prepared with liver enzymes ac- 
cording to the procedure of Cantoni (30) or from E. coli by an 
unpublished procedure from this laboratory, replaced methio- 
nine and ATP. p-Methionine, thiomethylpropylamine, p1- 
homocysteine, S-methyleysteine,’ and 3-aminopropanol-! did 
not substitute for t-methionine. 


? Kindly supplied by Dr. Simon Black. 
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Taste VII 
Incorporation of radioactivity into spermidine from C“H;-t- 
methionine, 2-C*.pt-methionine, C“OOH -pi-methionine, 
or S**.L-methionine 

The incubation mixture contained labeled methionine (0.4 
pmole of pt-methionine or 0.2 smole of t-methionine), 5 umoles 
of ATP, 60 umoles of MgSO,, 100 umoles of tris(hydroxymethyl)- 
aminomethane buffer, pH 7.85, 2.5 smoles of putrescine hydro- 
chloride, and an ammonium sulfate (1.3 « to 2.2 mu) fraction of 
BE. coli (6 mg. of protein) in a final volume of 0.68 ml. After 
incubation for 2.5 hours at 37° the solutions were deproteinized 
with 0.3 ~ trichloroacetic acid and chromatographed according to 
Method C (Fig. 1). 


added to 
224 7,050 
99 ,000 125 
COOH -pt-methionine 350 ,000 170 
S*..-methionine  ...... 18,600 30 
2.C™. pt - methionine (enzyme 
224 ,000 35 


This system also catalyzed the incorporation of the radioac- 
tivity from 2-C"~pt-methionine into spermidine in the presence 
of unlabeled putrescine (Table V1, Experiment B). No isotope 
was incorporated into the spermidine, on the other hand, when 
S"*-methionine, C“OOH-methionine, or C“H,;-methionine was 
substituted (Table VII) for the 2-C'-methionine. As already 
presented in a preliminary communication (3), when C“OOH- 
methionine was used, the enzyme preparation catalyzed the for- 
mation of C™O, by a reaction requiring ATP and Mg**; this 
decarboxylation reaction did not require putreseine and was in- 
hibited by NaCN. 


The experiments with whole cells reported in this paper have 
demonstrated that C'-N'-putreseine is incorporated as a unit 
in the biosynthesis of spermidine and spermine. With the use 
of an ornithine-requiring mutant of F. coli, data have also been 
presented on the incorporation of C'-ornithine into spermidine, 
presumably through the intermediate formation of C™-putres- 
cine. Other experiments by Dr. R. Greene (2, 4) in this labora- 
tory, using \. crassa cultures, have shown that 2-C"-pt-methio- 
nine is also incorporated into spermidine. 

The biosynthesis of spermidine has also been obtained with 
cell-free extracts of E. coli, and has been shown to require ATP 
and Mg** in addition to putrescine and t-methionine. The data 
presented in this paper, together with unpublished experiments 
with more purified E. coli enzyme fractions, indicate that the 
following three enzymatic steps are involved in the biosynthesis 
of spermidine : 


S-adenoxyl-t-methionine (1) 


S Adenosy! (5’)-3-met hylmercapt 


putrescine — spermidine + (3) 
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Purification of the separate enzymes is in progress, and will be 
the subject of a subsequent detailed publication. With a par- 
tially purified enzyme from E. coli we have prepared S-adenosyl- 
t-methionine from 1-methionine, ATP, and Mg**, and have iso- 
lated this by columnar chromatography on Dowex 50-H* and 
XE-64-H*. This compound has been prepared from the various 
types of labeled methionine, and, as previously reported (3), has 
been identified by the ultraviolet absorption spectrum, 
and paper chromatography, C or S** content, and by its ability 
to serve as a methyl donor with nicotinamide methylpherase 
(28). As shown in Table VI, this isolated adenosylmethionine 
has been used as a substrate in Step 2. With a purified Enzyme 


amine, has been isolated by Amberlite XE-64-H* chromatog- 
va eae together with added putrescine, has been used for 

the enzymatic synthesis of spermidine. Further characteriza- 
tion of this intermediate is in progress. 
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The incorporation of C'-putrescine into spermidine and sper. 
mine has been demonstrated in several microorganisms. When 
was used, both the and N" were incor. 
porated to the same extent, indicating that the putrescine was 
incorporated as a unit. 

With cell-free preparations from Escherichia coli spermidine 
has been synthesized from putrescine and methionine in a reac- 
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Studies of the Specificity of Deoxyribonuclease I* 


I. HYDROLYSIS OF A TRINUCLEOTIDE 


J. L. Porrer, anp M. 


From the Department of Biochemistry, Marquette University School of Medicine, Milwaukee, Wisconsin 
(Received for publication, June 3, 1958) 


The study of sequences of nucleotides in dinucleotides obtained 
from digests of DNA by pancreatic DNase I revealed that the 
sequences! pPu-pPu, pPy-pPy, and pPy-pPu are present and 
abundant, whereas the sequence pPu-pPy is either rare or absent 
(3, 5). It was therefore suggested that the sequence pPu-pPy 
is preferentially hydrolyzed by DNase I (4). Obviously, pref- 
erential specificity should not be interpreted as absolute speci- 
feity, since the well known presence of mononucleotides in 


the DNase I digest (6-8) cannot be reconciled with the speci- 


ficity toward the pPu-pPy bond only. 

In order to check the proposed preferential specificity it 
was necessary to secure a simple substrate containing the re- 
quired linkage. It has been shown previously that pooled 
fractions of the digest of DNA by DNase II are susceptible 
to further hydrolysis by DNase I (9). The present paper de- 
scribes the isolation of the trinucleotide (d4)ApApTp and its 
degradation by DNase I in conformity with the postulated 
preferential specificity. 

EXPERIMENTAL 


DNA was prepared according to Kay, Simmons, and Dounce 
(10). DNase II was prepared from thymus in «a manner pre- 
viously described (11) except for a few modifications (4). The 
same digest of DNA by DNase I] which had been used for analy- 
sis of dinucleotides in a previous publication (4) was used in 
this work. The complete elution pattern of the original digest 
has been illustrated in the earlier report (Figs. | amd 2, (4)). 
The technique of chromatography on Dowex 1-X2 was essentially 
that of Sinsheimer (8) but with some minor modifications (9). 

Crystalline DNase I was purchased from Worthington Bio- 
chemical Corporation. Phosphodiesterase was prepared with 
slight modifications, (4), by the method previously described 


* Supported by Grant No. AT(11-1)293 from the Atomic Energy 
Commission, and by Grants Nos. E-28 and E-57 from the American 
Cancer Society. A preliminary report has been published (1). 

t Present address: Research Division, American Dental Axso- 
ciation, Washington, D. C. 

' The system of abbreviation« used i« according to Smith and 
Markam (2) and was adopted in earlier reports (3, 4). Accord- 
ingly, the capital letter designates a nucleoside; p preceding the 
capital letter signifies a 5’-phosphoryl group; p between two 
capital letters signifies a secondary phosphoryl group linking the 
3’-cearbon of the preceding nucleoside with 5’-carbon of the fol- 
lowing nucleoside; p after the capital letter signifies a 3°-phos- 
phoryl group; (d) signifies that the sugar component is deoxy- 
ribose; A represents adenosine; G, guanosine; C, cytidine; T, 
thymidine; Pu, purine nucleoside; and Py, pyrimidine nucleoside. 


(12). For further identification of products use was made of 
ionophoresis (13) and paper chromatography of nucleotides (13) 
and nucleosides (14). 


RESULTS 

The “1 molar fraction” obtained as described in a previous 
paper (4) was lyophilized and rechromatographed on a 1 x 35 
em. Dowex 1-X2 column. The pattern thus obtained was a 
rather complex one. Only the pertinent part of this pattern 
is reproduced in Fig. |. The tubes were pooled arbitrarily as 
indicated by the arrows in Fig. 1, and the pooled material was 
checked for homogeneity by ionophoresis. Pooled Tubes 
143 to 149 showed one spot, which moved somewhat more slowly 
than (d)pTp and had « spectrum which suggested a predomi- 
nance of adenine with the possible presence of thymine. The 
whole pooled fraction was then subjected to ionophoresis. It 
was eluted and lyophilized. The material was dissolved in 
0.1 « borate buffer which contained 0.025 « MgSO, and was then 
digested for 2 hours with 0.5 mg. of DNase I at 37°. After 
lyophilization, it was subjected to ionophoresis for | hour, at 
pH 3.5, 20 volts perem. The results are shown in Fig. 2. After 
elution of the spot marked B,, the ultraviolet spectrum showed 
no maximum between 240 and 300 my and was therefore con- 
sidered to have been derived from contaminants in resin and 
paper. Spots B, and By gave spectra characteristic of nucleic 
acid derivatives. 

Spot B, had an ultraviolet spectrum suggestive of thymine. 
It was subjected to ionophoresis with (d)pT and (d)pTp used 
as markers. It was found to migrate with the same mobility 
as (d)pTp. 

Spot B, had an ultraviolet spectrum suggestive of adenine. 
It was chromatographed on paper with the use of n-butanol- 
ammonia (14) and showed a slow movement after 4 days of 
exposure, as would be expected from the previously observed 
behavior of dinucleoside monophosphates (15). The results 
were consistent with the assumption that B; is (d)ApA. The 
spot was eluted and was then subjected to the action of 0.3 
unit of purified phosphodiesterase, pH 9.0, at 37° for 2 hours. 
The reaction mixture was adjusted to pH 3.5, lyophilized, and 
finally subjected to ionophoresis with (d)A and (d)pA as markers. 
The digest was found to contain two spots, one which cor- 
responded to (d)A and the other, to (d)pA. After elution of 
these 2 spots the intensities of their ultraviolet absorption were 
the same, within 5 per cent, throughout the range from 240 to 
300 my. It was therefore concluded that the Spot B, (Fig. 2) 
was (d)ApA and the original fraction (Tubes 143 to 149, Fig. 1) 
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Fig. 1. A part of the elution pattern of the second chromatog- 
raphy of the “‘l molar fraction.’’ Arrows indicate pooling of 
material. The original experiment with 300 mg. of DNA and 
DNase II from thymus was described in the previous paper (4), 
which carried in Figs. 1 and 2 an illustration of the complete 
elution pattern (4). 


Fic. 2. Ionophoresis of the “‘pooled fraction’’ from Tubes 143 
to 149 after digestion with DNase I. Digestion was carried out 
for 2 hours, at 37°, in 0.1 m borate buffer, pH 7.0, with 0.025 u 
MgS0O,, with the use of 0.5 mg. of crystalline DNase I. Iono- 
phoresis was performed with 0.1 m acetate buffer, pH 3.5, 20 
volts per cm. (13). Time of ionophoresis was 1 hour. 
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was (d)ApApTp. The split caused by DNase I must have 
produced (d)ApA + (d)pTp, as predicted from the postulated 
preferential specificity. 

It seemed desirable to investigate the possible susceptibility 
of dinucleotides toward DNase |. Through the courtesy of Dr. 
L. Cunningham we received (d)ApCp, (d)TpCp, and (d)TpGp. 
These dinucleotides were isolated from a digest of salmon sperm 
DNA by DNase from Micrococcus pyogenes (16). All three 
dinucleotides were found to be resistant to DNase I in spite of 
the fact that (d)ApCp contains the Pu-pPyp linkage. The 
dephosphorylation of (d)ApCp by prostatic phosphatase (3) 
led to a dinucleoside monophosphate, (d)ApC. The latter 
compound was also found to be resistant to DNase I. 

These results strongly suggest that a prerequisite for the ac. 
tion of DNase I on oligonucleotide chains terminated in 3’. 
phosphate is a minimum of 3 nucleotide units. No definite 
statement can be made with respect to chains terminated in 
5’-phosphate. The dinucleotides of this type containing the 
linkage pPu-pPy were not available among the products of DNase 
I digest. However, the other dinucleotides terminated by 
5’-phosphate present in the DNase I digest were totally resistant 
to further exposure to DNase I. 


The trinucleotide 
5’)-thymidine 3’-phosphate obtained from a deoxyribonuclease 
II digest of deoxyribonucleic acid is hydrolyzed by pancreatic 
deoxyribonuclease I into deoxyadenyly!-(3’-5’)-adenosine and 
thymidine 3’,5’-diphosphate. This confirms a previous hy- 
pothesis that the purine-pyrimidine sequence is preferentially 
hydrolyzed by pancreatic deoxyribonuclease. Three dinucleo- 
tides terminated in 3’-phosphate, deoxyadenylyl-(3’-5’)-deoxy- 
cytidine 3’-phosphate, thymidylyl-(3’-5’)-deoxycytidine 3’- 
phosphate, and thymidyly]-(3’-5’) deoxyguanosine 3’-phosphate 
are resistant to pancreatic deoxyribonuclease in spite of the fact 
that the first of these contains a purine-pyrimidine sequence. 
This suggests that the minimal length of 3’-phosphoryl-termi- 
nated fragments susceptible to attack by pancreatic deoxy- 
ribonuclease is three nucleotide units. 
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In previous papers (1, 2) we reported the presence of both 
a- and §-melanocyte-stimulating hormone in hog posterior 
pituitary powder and the isolation of a- MSH! as a homogeneous 
fraction. Although identification of 8-MSH from hog pituitary 

has been confirmed by various investigators (3-5), the 
existence of a-MSH has remained controversial inasmuch as 
some investigators were unable to detect a- MSH in hog pituitary 
fractions. Nevertheless, our findings indicated that a-MSH 
had from 2 to 24 times the biological activity, on a molar basis, 
of 8-MSH and constituted about 75 per cent of the total MSH 
activity of commercial hog pituitary powder. This discrepancy 
could not be accounted for by a difference in bioassays because 
one group of investigators used the same bioassay method 
in vitro as ours. Considerable interest was aroused when it 
was realized that a- MSH is a small molecule and its amino acid 
sequence is identical with that of the N-terminal tridecapeptide 
of corticotropin (6). Hence, at this time it is appropriate that 
we endeavor to dispel any doubt about the existence of a- MSH. 
Inasmuch as our finding of this particular hormone could not be 
confirmed by other investigators, the question was raised as to 
whether a- MSH might be an artifact produced by the fractiona- 
tion procedure we used. The most logical solution to this ques- 
tion was to repeat the fractionation of hog posterior pituitary 
powder with the use of the procedures described by other investi- 
gators. First the method of Porath et al. (3) was followed, and 
the major portion of a-MSH was discovered in the filtrate 
discarded after acetone precipitation (2). In this paper we shall 
report our findings in a similar study using a fractionation pro- 
cedure described by another group of investigators. 

EXPERIMENTAL 

The method of Geschwind and Li (5) was followed exactly 
in this study. The starting material was lyophilized commer- 
cial hog posterior pituitary powder supplied by the Armour 
Laboratories. A crude MSH concentrate was prepared by 


_ glacial acetic acid extraction, ether precipitation, oxycellulose 


adsorption, methyldioctylamine deacidification and removal of 
inert material at pH 6.5 to 7.0. Further purification was done 


* This investigation was supported in part by a grant-in-aid 
from the American Cancer Society upon recommendation of the 
Committee on Growth of the National Research Council and in 
part by a research grant by the National Cancer Institute of the 
National Institutes of Health, United States Public Health 
Service. 

'The abbreviation used is: MSH, melanocyte-stimulating 
hormone. 


by zone electrophoresis on starch. Approximately 3 mg. of 
the crude concentrate and a semicylindrical plastic trough of 60 
em. length were used for each electrophoretic run which lasted 
from 20 to 40 hours at 400 to 500 volts, 2 to 2.5 ma., in a cold 
room at 5°. Separate runs were carried out in pyridine acetate 
buffer at pH 4.55 and in sodium barbital buffer at pH 8.90. 
After the completion of the electrophoresis the starch block was 
cut into | cm. segments and eluted with 3 ml. of cold distilled 
water. The starch was separated by filtration. The eluate 
from each segment was analyzed for Folin color intensity (7) 
and MSH activity (8). The results of a typical electrophoretic 
run in pyridine acetate buffer at pH 4.55 are illustrated in Fig. 
1. Two biologically active components with mobilities corre- 
sponding to that of a-MSH and 8-MSH could be distinctly 
identified. A much better separation of these two components 
was achieved by using sodium barbital buffer at pH 8.9 as is 
illustrated in Fig. 2. 


It is of interest that the electrophoretic pattern based upon 
Folin color intensity as shown in Fig. | appears essentially 
identical to a similar diagram reported by Geschwind and Li (5). 
Nevertheless, in our work an extensive series of bioassays re- 
vealed the presence of two active components corresponding to 
a-MSH and 8-MSH instead of only 8-MSH as reported by 
them. Since the next step of their fractionation procedure 
consisted of countercurrent distribution in which no material 
was lost, we are inclined to believe that one should be able to 
isolate a-MSH as well as 8-MSH by use of the procedure de- 
scribed by Geschwind and Li. Samples of our crude concen- 
trate were sent to Dr. Geschwind for analysis and he confirmed 
our results by identifying both a- and 8B-MSH.? 

Recently it was pointed out’ that commercial pituitary pow- 
ders are prepared by two different processes, viz. direct lvophili- 
zation and acetone dehydration of the fresh pituitary glands. 
Because a-MSH could not be precipitated by adding 5 volumes 
of acetone to an aqueous solution at pH 6.5, it might be ex- 
pected that acetone dehydration could bring about partial or 
complete solution of a-MSH in the preparation of pituitary 
powder. To settle this point crude MSH concentrate was 
prepared from acetone-dehydrated hog posterior pituitary glands 


* Dr. I. I. Gesehwind, personal communication. He also re- 
peated the fractionation of a batch of commercial posterior pitui- 
tary powder and found a-MSH in predominant quantity. 

* The author wishes to thank J. D. Fisher of the Armour Lab- 
oratories for this suggestion. 
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Fic. 1. Zone electrophoresis on starch of a crude MSH concentrate, prepared from lyophilized hog posterior pituitary powder in 0.1 
M pyridine acetate buffer at pH 4.55, 400 volts, 40 hours, 5° in a 60 cm. trough. 
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Fic. 2. Zone electrophoresis on starch of a crude MSH concentrate, prepared from lyophilized hog posterior pituitary powder in 
0.05 u sodium barbital buffer at pH 8.90, 500 volts, 20 hours, 5° in a 60 cm. trough. 
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3. Zone 


on starch of a crude MSH concentrate prepared from acetone-dehydrated hog posterior pituitary powder 


electrophoresis 
in 0.05 « sodium barbital buffer at pH 8.90, 500 volts, 18 hours, 5° in a 60 em. trough. 


and submitted to zone electrophoresis as described. Fig. 3 
represents the electrophoretic pattern of this material. The 
pattern was similar to that illustrated in Fig. 2. Both a- and 
3-MSH were found in the proportions expected. 

There are two possible explanations of why these investigators 
were unable to find a-MSH in their original work. The iso- 
lated frog skins used for the bioassay in ritro are highly sensi- 
tive to a variety of factors which must be closely controlled to 
ensure reliability of results. We found that failure to detect an 
active component was relatively easy unless an intensive series 
of bioassays was carried out and the results confirmed repeat- 
edly by several subsequent individual runs. During the course 
of our work we have used commercial hog posterior pituitary 
powders from various sources and obtained practically the same 
results as reported here. Nevertheless, we could not rule out 


the possibility that some batches of commercial pituitary ma- 
terials, especially those that are acetone-dehydrated, might be 

devoid of a-MSH owing to an unintentional variation in dehy- 
dration technique. For instance, if, in the initial processing, 
a large quantity of fresh pituitary glands was collected in a 
small amount of acetone, there would be a good chance that 
a-MSH would be extracted and lost during the dehydration 


process. 
SUMMARY 

It was found possible to identify a-melanocyte-stimulating 

hormone as well as §-melanocyte-stimulating hormone from 


commercial hog posterior pituitary powder when the fractiona- 
tion procedure described by Geschwind and Li was used. 
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Chemical Composition of Epiphyseal Plate of Long Bones 


CONTENT OF AMINO ACIDS* 


A. A. ano C. 
From the Department of Orthopedic Surgery, College of Medicine, State University of Lowa, Lowa City 
(Received for publication, June 23, 1958) 


The organic matrix of the epiphyseal plate plays an impor- 
tant role in the mineralization of the tissue (1), and the know!l- 
edge of its chemical composition may be very useful for the 
understanding of the process. 

Complete analyses of bone (2) have been reported, but un- 
fortunately very little information is available on the chemical 
composition of the epiphyseal plate. 

In the present study, hydrolysates of epiphyseal plates of 
young rabbits have been analyzed by ion exchange chroma- 
tography for quantitative determination of the amino acids. 


EXPERIMENTAL 


Materials—15-day-old rabbits were used. The animals were 
killed with ether and the proximal and distal epiphyseal plates 
of the long bones (radius, ulna, tibia, femur, and humerus) 
were excised after removal of muscles and periosteum. 

The tissue was dried at 104°, weighed, homogenized with 6 
w HC! in a Potter-Elvehjem type homogenizer, and refluxed 
at 100° for 24 hours with a quantity of HC! about 600 times 
the dry weight of the tissue, which was approximately 150 mg. 
After hydrolysis the solution was filtered through paper and the 
HCl evaporated in a vacuum desiccator containing NaOH and 
CaCl. The dry residue was dissolved in water, 1 ml. of which 
was allowed for each 15 mg. of dry tissue. 1 mil. of the hydrol- 
ysate was mixed with 2 ml. of buffer, and 2 ml. of this mixture 
was used for each chromatogram. 

Methods—Separation of the amino acids was carried out on 
columns of Dowex 50-XS8 by the method of Moore and Stein 
(3). The BRIJ (Atlas Powder Company) and thymol con- 
centrations in the buffers and the change of temperature during 
the chromatography were operated according to Eastoe (4). 
For the separation of the basic amino acids on the 0.9 « 15 em. 
column, the second buffer used was at pH 6.7, according to 
Piez (5). The effluent fractions were analyzed by the method 
of Rosen (6). Hydroxyproline was determined by the method 
of Neuman and Logan (7) with the suggestions of Martin and 
Axelrod (8) and by the chromatographic method of Partridge 
and Davis (9). The content of proline was calculated accord- 
ing to the suggestions of Rossi-Fanelli ef al. (10). Glycine was 
determined by the method of Perrone (11); the amino sugars, 


* The research reported here was supported by Grant No. Al49 
from the United States Public Health Service. 

t On leave of absence from Institute of Biological Chemistry, 
University of Pavia, Italy. 

t On leave of absence from Institute of General Chemistry, 
University of Pavia, Italy. 


by the method of Schloss (12); and ecysteic acid, according to 
the method of Partridge and Davis (9) but with the use of s 
100 em. column. 


Typical effluent curves obtained on 100 em. and 15 em. 
Dowex columns are shown in Fig. |. 

The location of the hydroxyproline peak of Fig. 1 overlapped 
that of aspartic acid, the deep blue color of the latter prevent- 
ing measurement of the pale vellow produced by the first amino 
acid. Hydroxyproline was therefore determined independently 
on the hydrolysate, without preliminary chromatographic sepa- 
ration and also in separate chromatographic experiments on 
Dowex 50-X8 in which the 100 em. column was first equili- 
brated with a citrate buffer at pH 3 and then developed with 
the same buffer to move the hydroxyproline ahead of aspartic 
acid without overlap; the elution curve obtained with this 
method is shown in Fig. 2. 
higher for the interference of the small quantity of tyrosine 
present in the hydrolysate. 

Other overlapping peaks appeared in Fig. |. For the slight 
overlaps, as in the pairs threonine-serine and tyrosine-phenyl- 
alanine, the color intensity of the fraction at the minimum 
between the peaks was divided equally between them, and the 
other values were extrapolated. 

The considerable overlap between glutamic acid and proline 
was eliminated by taking a double reading at 570 and 440 mg. 

Glycine was determined in the hydrolysates by chromatog- 
raphy on Celite of its dinitropheny! derivative. The value ob- 
tained by this method was subtracted from the area calculated 
from the glycine and alanine peaks in order to estimate the 
content of alanine. 

The value for methionine has been based upon the methionine 
and methionine sulfoxide peaks and is subject to revision. 

Cysteic acid was determined after oxidation of epiphyseal 
plate powder with performic acid and subsequent chromatog- 
raphy on a 100 em. Dowex 30 column. The peak was asym- 
metrical because of the presence of some other compound 
(homocysteic acid or perhaps taurine), and further study is re- 
quired 


During the separation of basic amino acids on the 15 em. 
column (Fig. 1, Curve 2), the hydroxylysine is covered under 
the galactosamine peak. The value for each of these com- 
pounds was determined by analyzing Fractions 50 to 80 of two 
chromatograms by two different methods, ic. the method of 
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Fig. 1. Chromatographic analysis of an acid hydrolysate of epiphyseal plates of young rabbits. The acidic and neutral amino acids 
were determined on a 0.9 X 100 cm. Dowex 530-X8 column (Curve 1), and the basic amino acids were determined on a 0.9 X 15 cm. 


column (Curve 2). The samples for analysis corresponded to 10 mg. of dry epiphyseal plate. 


Schloss, which is specific for the amino sugars only, and the rected for decomposition during the hydrolysis by 3, 3, and 5 


ninhydrin method for both compounds. 


The content of all the amino acids calculated from the aver- 
age of three chromatograms is reported in Table I. 

The results are referred to the dry weight of the tissue and 
not to its nitrogen content in order to eliminate the interfer- 
ence from the nitrogen of the mucopolysaccharides. 

The values for threonine, glutamic acid, and serine were cor- 


per cent, respectively, according to Eastoe (13). 


SUMMARY 
Hydrolysates of epiphyseal plates of long bones of young 
rabbits have been analyzed by ion exchange chromatography. 
The content of the amino acids has been reported. 


Acknowledgment—The authors wish to thank Dr. I. V. Ponseti 
and Dr. G. Stearns for their constant interest in this research. 
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Taste I 
Hydroxyproline Amino sud 10 mg of tissue Per Cent 
pmoses 
1.4 1.4 
2.% 3.41 
1.65 
1.88 2.06 
3.87 5.87 
2.46 2.54 
6.26 4.70 
4.0 3.57 
1.41 
0.2" 0.44° 
0.79 1.04 
2.15 2.82 
0.0 0.9 
0.04 1.5% 
0.22 0.35 
Fig. 2. Determination of hydroxyproline in an acid hydrol- 

ysate of epiphyseal plates of young rabbits on a 0.9 X 100 cm. . 

Dowex 50-X8 column. 2 ml. of hydrolysate corresponding to 30 Dente ndaesestboocsceddns 1.44 4 

mg. of dry epiph plate were united with 2 ml. of 0.1 u citrate Cysteic acidsf.................. 0.15° 0. 

buffer, pH 3, and 3.5 ml. of this mixture were put on the column. ® Not definitive. 

t After oxidation. 
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The studies described in this report were designed to develop 
s preparation of bone marrow which would be suitable for the 
investigation of the biosynthesis of heme and of globin in ritro. 
Previous work has shown the feasibility of studying the bio- 
synthesis of both components of hemoglobin in vitro in prepara- 
tions of avian erythrocytes (1-4) and rabbit and dog reticulocytes 
(5, 6). In these cells, however, the ability to synthesize hemo- 
globin is very limited. In the mammal nearly all of the hemo- 
globin is normally produced in the erythroid cells of the bone 
marrow. A system in vitro which employs such cells may be 
expected to be more active biosynthetically than is the periph- 
eral blood and may be more suited to the study of factors which 
influence the synthesis of hemoglobin. 

The use of the bone marrow for the study of hemoglobin syn- 
thesis presents the following problems with which this work has 
been concerned: (a) the fragility of marrow cells and the case 
with which the globin-synthesising system can be disrupted 
require the development of new techniques for the preparation 
of the bone marrow; (6) the isolation of globin from the mixed 
population of erythroid and myeloid cells is complicated by the 
presence of other proteins; and (c) in order to relate the synthesis 
of heme and of globin to the number and stage of development of 


Normal Rabbite—New Zealand white rabbits 6 to 13 weeks of 
age were employed as the source of normal bone marrow. The 
long bones in such young animals contained a marrow with very 
little fat and with a high ratio of erythroid to myeloid cells. 
One animal provided enough marrow for an experiment with 
eight samples. 

Rabbits with Induced Anemia—Anemia and reticulocytosis 
were induced either by daily injections of acetylphenylhydrazine, 
10 mg./kilo of body weight, or by removal of blood by heart 
puncture. In the production of phenylhydrazine anemia the 
injections were given daily for 6 or 7 days and then, after an 
alditional day, the animal was exsanguinated. In the produc- 
tion of anemia and reticulocytosis by bleeding, the rabbits were 
bled three times by heart puncture, and at each bleeding 20 to 
25 mil. of blood were removed. 


* This work was supported by grants from the United States 
Public Health Service (H-2803), the Office of Naval Research 
(NONR-1765(00)), and the American Cancer Society. 

t Fulbright and French Government Research Fellow. 


Preparation of Bone Marrow Celle—The rabbit was anesthe- 
tized with ether, the chest was opened, and the blood was col- 
lected directly from the heart with heparin as the anticoagulant. 
The plasma and the buffy coat were removed after centrifugation 
and the packed cells were washed twice with Krebs-Ringer phos- 
phate buffer, pH 7.4. Immediately after removal of the periph- 
eral blood from the heart, the long bones, namely the tibiae, 
femora and humeri, were cleaned and the ends were cut off. The 
marrow, forced out of the shaft with compressed air, was collected 
into 10 to 20 mi. of plasma obtained from the same animal. 
Plastic tubes were used throughout the procedure. Marrow 
cells were put in suspension by vigorous manual shaking for 5 
minutes in a stoppered tube (rubber stoppers covered with 
Parafilm were used). The cells were then filtered through 
several layers of gauze. 10 to 16 mil. of the washed erythrocytes 
of the peripheral blocd were added. After the mixing process 
the cell suspension was transferred to a cold room (4°), whereas 
previous steps were performed at room temperature. After the 
first centrifugation the plasma was removed, and the cells were 
washed three times with 30 ml. of the phosphate buffer. Each 
washing was followed by 3 minute centrifugation at 1500 x g. 
Because of the viscosity of the suspension extreme care had to be 
taken not to remove the upper layer of cells while removing the 
plasma or supernatant fluid. This upper layer contained most 
of the nucleated marrow cells. 

Standard Incubation Procedure—The washed cells were re- 
suspended in the Krebs-Ringer phosphate buffer. The com- 
position of the buffer was slightly modified by increasing the 
concentration of potassium, as described by Farber e¢ al. (7). 
The buffer contained glucose in a concentration of 200 mg./100 
mi.; penicillin G and streptomycin sulfate, 10 mg. of each/100 
ml. of buffer; and a mixture of 11 amino acids as described by 
Kruh and Borsook (5). Glycine was omitted from this mixture 
to avoid dilution of the isotopic substrate. Aliquots of the cell 
suspension were distributed into 50 ml. Erlenmeyer flasks and 
samples were taken for the determination of the hemoglobin 
content and for counting the nucleated cells. Immediately be- 
fore the start of incubation, to each flask was added 1 ml. of 
saline, containing 600 yg. of glycine 2-C™ with a specific activity 
of 1 me./mmole, or 5.31 x 10 ¢.p.m./mmole (efficiency of the 
counter, 24 per cent). In each sample, 1 to 2 ml. of cells were 
suspended in a total volume of 8 ml. The flasks were open to 
air and incubated with shaking for 2 hours in a water bath at 
37°. 

Hematologic Techniques—Step 1: The content of hemoglobin 
per sample was determined in each experiment. An aliquot of 
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the cell suspension used for the incubation was lysed with 100 
times the volume of distilled water and spun in a refrigerated 
centrifuge at 24,000 x g for 15 minutes. The clear supernatant 
liquid was decanted and its hemoglobin concentration was deter- 
mined in a Beckman model DU spectrophotometer. The calcu- 
lations were based on the extinction coefficient of hemoglobin 
(Eau = 14.2 at 540 my) (8). Since globin represents 96.4 per 
cent of the hemoglobin molecule, the amount of globin was cal- 
culated as equal to mg. of hemoglobin x 0.964. 

Step 2: A count of nucleated bone marrow cells was obtained. 
Aliquots were taken from the well mixed suspension of cells in 
the incubation medium before the addition of radioactive sub- 
strate. A white blood cell pipette was used and the cells were 
diluted 1:20 with 2 per cent acetic acid in isotonic NaCl. This 
medium was found to give a homogeneous suspension and a 
satisfactory contrast for observation of the nuclei. The cell 
suspension was shaken thoroughly by hand for at least 5 minutes 
in order to avoid the formation of aggregates. The nucleated 
cells were counted as in the performance of a routine white blood 
cell count. A differential count of the nucleated cells was per- 
formed on smears stained with the May-Grunwald and Giemsa 
technique. Initially smears were taken at two stages of the cell 
preparation: (a) from the initial suspension of marrow cells in 
plasma, and (6) from the upper layer of the mixture of peripheral 
and marrow cells, after the last centrifugation in the Krebs- 
Ringer phosphate buffer. In the first case a representative 
sample of the cell population was obtained, but the cells were 
suspended in a large volume of plasma and the smear contained 
fat cells and cell debris. In the second case a satisfactory smear 
was obtained but the question arose as to whether this sampling 
was representative. Smears obtained in these two ways gave 
on repeated examinations similar ratios of nucleated erythroid 
and myeloid cells. Therefore, the second method of sampling 
was adopted as a routine procedure. 

Step 3: Reticulocytes were stained with brilliant cresyl blue. 
Wet and dry preparations were usually made simultaneously and 
reticulocyte counts by both techniques were in good agreement. 
Total erythrocyte counts were performed and the number of 
reticulocytes per sample was calculated from the percentage of 


reticulocytes. 

Isolation of Hemin and of Globin and Measurement of Their 
Radioactivity—Hemin in crystalline form and globin were pre- 
pared by the methods utilized previously (3,4). In brief outline 
the procedure is as follows. After incubation the cells were 
washed in isotonic saline and lysed and, after the formation of an 
emulsion with toluene, the hemoglobin solution was separated 
on centrifugation. The hemin and globin were separated by 
treatment with cold acetone-HCl. The amount of hemin in the 
supernatant was determined and, after dilution with a known 
amount of carrier, hemin was isolated and purified by recrystalli- 
zation. The precipitated globin was washed with acetone until 
it was free of hemin and was further purified by repeated dissolv- 
ing in water and 1 w NaOH, followed by precipitation and wash- 
ing with trichloroacetic acid. The protein was then washed with 
acetone and ether and dried to constant weight before counting. 
To investigate possible contamination by highly radioactive 
protoporphyrin, hemin was isolated from samples from which 
free protoporphyrin was exhaustively extracted with 3 x HCl 
(9). From duplicate samples hemin was prepared by the stand- 
ard procedure (3, 4). No significant differences in radioactivity 
were found between the hemin samples obtained by these differ- 
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ent experimental procedures. Hemin and globin prepared by 
the standard methods used in this paper have been proved to be 
of constant specific activity (3, 4). 

Samples of crystalline hemin and thoroughly dried globin were 
plated at infinite thickness and the radioactivity was measured 
in a gas flow counter with Micromil end window (Nuclear- 
Chicago model D-47). The counts were corrected for slf- 
absorption by applying experimentally obtained constants. The 
reported results are the means of duplicate or triplicate samples 
with maximal variation from the mean of +5 per cent. 

Presentation of Resulte—The data are expressed in terms of the 
specific activity of glycine in heme and in globin, based on caleu- 
lations presented previously (3, 4). The specific activity of 
glycine in globin is computed from total counts of the protein, 
without correcting for the radioactivity contributed by other 
amino acids. Serine-C" derived from glycine-C™ was reported 
to account for 14 per cent of the total radioactivity incorporated 
into the protein of rabbit reticulocytes (10). The presence of 
nonisotopic serine in the incubation mixture tends to dilute the 
radioactive serine and to diminish its contribution to the radio- 
activity of the globin. 

The heme to globin ratio is the ratio of specific activities 
of the glycine residues in the two components of hemoglobin. 
If the assumption of a common precursor pool is correct, this 
ratio will reflect the relative rates of their synthesis. 

Activity per cell reports radioactivity in relation to the num- 
ber of nucleated red cells or reticulocytes in the preparation. It 
is equal to the total number of counts incorporated into globin 
(c.p.m./mg. < mg. of globin/sample) divided by the number of 
synthetically active erythroid cells. 


Character of Medium in which Marrow Was Collected—I\t was 
found that the medium in which the bone marrow was collected 
and in which the cells were put in suspension was of major im- 
portance. The following media were tested: plasma of the 
same rabbit; Krebs-Ringer phosphate buffer, pH 7.4; physiolog- 
ical sodium chloride solution (0.9 per cent); isotonic sucrose 
(0.31 st); and a solution of human albumin (5 per cent in Krebs- 
Ringer phosphate buffer). Cytological examinations of the 
cells suspended in these various media indicated that preserva- 
tion of the morphological integrity of the cells was best achieved 
in plasma. It was found that the synthetic activity of the bone 
marrow preparations suspended initially in plasma was greater 
than that of preparations suspended in the phosphate buffer, the 
best of the synthetic media investigated. When plasma was 
adopted as the isolation medium it became necessary to remove 
it before incubation, so that variables could be studied in a 
synthetic medium of known composition. The removal of 
plasma had to be efficient, because even small amounts of an 
unknown factor in plasma cause enhancement in the synthetic 
activity of cells (1, 10,5, 11). Repeated washing and centrifu- 
gation of bone marrow cells caused, however, marked cytological 
alterations and a gradual decrease in synthetic activity. It was 
found that cells were protected during the washing procedure by 
the addition of erythrocytes from the peripheral blood of the 
same animal. These peripheral erythrocytes became a part of 
the incubated cell suspension and their hemoglobin acted as a 
carrier for the isolation of the highly labeled hemoglobin from 
the nucleated red cells. The synthesis of hemoglobin in the 
mature peripheral erythrocytes was, as could be expected, negli- 
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Taste 
tl Influence of plasma on incorporation of glycine into globin by bone marrow cells* 
Exyerment No Washing procedure In ubation medium Globin Radioactivity 
| % 
None Plasma 400 100 
I None, cells centrifuged once Plasma 396 99 
None, cells centrifuged once Standard incubation medium 361 90 
2 times with KRPt Standard incubation medium 206 51 
u None Plasma 286 100 
2 times with 10 ml. KRP Standard incubation medium 230 80 
3 times with 10 ml. KRP Standard incubation medium 309 100 
Ill 3 times with 30 mil. KRP Standard incubation medium 315 
3 times with 30 ml. KRP KRP-plasma (1:1) 200 
IV 3 times with 30 ml. KRP Standard incubation medium 701 100 
3 times with 30 ml. KRP KRP-plasma (1:1) 1225 175 


* Bone marrow cell suspension obtained in plasma. 
t Krebs-Ringer phosphate buffer. 


gible. The added cells accounted for no more than 2 to 3 per cent 
of the radioactivity recovered in the globin and this amount can 
be ascribed to the presence of a normal number of reticulocytes. 
A satisfactory removal of plasma was accomplished by washing 
the mixture of bone marrow and peripheral cells three times in 
rather large (30 ml.) volumes of buffer. The cells were not 
injured by this procedure, as is indicated by the results presented 
in Table |. The synthetic activity decreased with each washing 
but could be restored almost to the initial level by addition of a 
small volume of plasma to the incubation medium. This effect 
is similar to that first observed on addition of plasma to washed 
erythrocytes from ducks (1). 

Differential Lysis of Bone Marrow Cells and Nature of Isolated 
Protein—The next major problem was that of establishing the 
purity of the isolated protein and the basis for referring to it as 
“globin.” The “purity” of globin is understood in a functional 
sense and requires that the radioactivity in the isolated protein 
be that of globin, since it is the radioactivity only which is taken 
as a measure of synthesis. “Purity” requires also that the radio- 
activity of the globin is not modified by the presence of any sig- 
nificant amount of nonisotopic contaminant. In the preparation 
of globin the stroma and the nuclei are removed. Cytoplasmic 
nucleoproteins may be present in small amounts, but the incor- 
poration of glycine into these nucleoproteins in bone marrow in 
vitro is very limited (12). Unless they are highly radioactive the 
proteins derived from the white cells would interfere little with 
the measurements of radioactivity, since their total weight is 
small compared to that of hemoglobin. (Based on cell counts, 


the calculated dry weight of white cells would be 15 to 20 mg. as 
compared to experimentally determined 400 to 500 mg. of hemo- 
globin /sample.) 

The globin isolated by the standard procedure from samples 
containing twice the usual number of bone marrow cells was 


compared with globin obtained from the erythrocytes of the 
peripheral blood of normal rabbits. On preliminary trials there 
was no indication, either on electrophoresis or ultracentrifugation, 
of differences in the composition of the two preparations. 

The possibility of contamination with small amounts of highly 
labeled protein of myeloid origin, however, required further in- 
vestigation. Attempts to separate myeloid and erythroid cells 
in intact form before incubation were unsuccessful. It was found, 
however, that the cells could be separated by taking advantage 
of the difference in their susceptibility to osmotic lysis. The 
differential lysis of the cells was accomplished by addition of 8 
mil. of distilled water to 2 ml. of the packed cells washed after 
incubation. By this procedure all mature as well as immature 
cells of the erythroid series were lysed. After 30 seconds the 
isotonicity was reconstituted by addition of 848 mg. of sucrose. 
of the residue. Repeated cytological examinations of this un- 
lysed residue in a number of experiments showed no nucleated 
red cells of any stage of development. The myeloid cells, how- 
ever, were present and apparently unimpaired, and the number 
of myeloid cells in the original suspension could be accounted for 
in the sucrose solution, within the limits of experimental error. 
This separation of the myeloid and erythroid cells made possible 
the comparison of the specific activities of the proteins isolated 
in the presence and in the absence of white cells. In the prep- 
aration of the protein in the presence of white cells, the usual 
procedure for the separation of globin was followed. In prepar- 
ing the protein in the absence of white cells, after partial lysis as 
described above, the hemoglobin solution was separated from the 
unlysed residue which contained intact white cells and shaken 
with toluene; globin was then isolated. The results presented in 
Table II indicate that the specific activities of the protein prep- 
arations obtained by the two experimental procedures are similar. 
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Taste II 


Effect of removal of white cells on radioactivity of globin isolated 
from rabbit bone marrow incubated with glycine-2-C"* 


| Intact white divcine in globin, 
ment No. sample calls cells after 
partial lysis | standard | Partial 
procedure lysis 
| 
I 10° | 134 128 K | 44,200 | 41,800 
II | 198 X 10* | 107 KX 82 45,600 | 45,800 
Ill 153 10° 54 X 10° | 5% xX 10° 92,100 84,600 
Taste Ill 
Influence of incubation medium on synthetic 
activity of cell suspension 
“Specific activity of glycine 
Incubation medium | oy 
/mmole 
Experiment M-14° 
09% NaCl... 80,800 82,700 1.02 
Krebs- Ringer solution $2,000 82,00 1.00 
KRPt buffer, pH 7.4. $8,000 82,500 0.94 
0.9% NaCl + 3ml.of plasma 15,000 171,000 1.11 
Experiment M-13 | 
Modified KRP, pH 74... 36,200 30,800 0.83 
Modified KRP + amino acids 36,000 31,900 0.89 
Modified KRP + glucose 41,400 29,300 8=—0..71 
Modified KRP + and 
amino acids . «37,300 | 32,00 


* All the samples in the experiment M- iseusptnesbened with 
the addition of standard amounts of glucose and amino acids. 


t Krebs-Ringer phosphate buffer. 


Influence of Variables in Incubation Medium—Although the 
synthetic activity of the bone marrow was greatly affected by 
the medium used for cell isolation, this activity was relatively 
independent of some changes in the incubation medium (Table 
[11). In the presence of isotonic sodium chloride, Krebs-Ringer 
solution, or Krebs-Ringer phosphate buffer, the synthesis of 
globin and of heme was essentially unchanged. The addition of 
the amino acid mixture (5) or glucose, or both, did not produce 
major changes during the 2 hour incubation period. On the 
addition of plasma, however, the synthetic activity was almost 
doubled. In other experiments, in which varying amounts of 
plasma were added, maximal enhancement could be observed on 
the addition of relatively small amounts of plasma, an observa- 
tion which confirms the finding of Thomas (11). 

Influence of Changes in Concentration of Radioactive Substrate 
—The cell suspension was incubated under standard condi- 
tions with glycine-2-C™ added in amounts ranging from 2 to 
16 wmoles/S ml. sample. Fig. | illustrates the relationship be- 
tween the concentration of the substrate in the medium at the 
start of the experiment and the radioactivity in the isolated 
globin. The specific activity of the labeled substrate was 1 me. / 
mmole. The level of 8 wmoles of glycine-2-C"/ sample was 
chosen for subsequent experiments. At this concentration of 
substrate the radioactivity recovered in hemin, even after iso- 
topic dilution, was such as to provide satisfactory counting 
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rates. Under our experimental conditions between 0.5 per cent 
and 2.5 per cent of added radioactivity was recovered in the 
isolated hemin and globin. 

Influence of Time and Temperature on Incorporation of Glycine 
—During the first 4 hours of incubation the rates of synthesis of 
heme and of globin were constant, as indicated in Fig. 2. The 
2 hour period was chosen for convenience. 

The biosyntheses of heme and of globin are strongly tempera- 
ture-dependent, and both processes are affected similarly over 
the range of 21-39° so that the ratio of heme to globin remains 
the same. The synthesis at 37° is about four times higher than 
at room temperature (21°). The difference in radioactivity of 
isolated globin after an incubation at 35° and at 39° is only 15 
per cent (Table IV), so that small variations of temperature in 


re) J 
Glycine Added per Somple 
(mcromoles) 
Fic. 1. Influence of concentration of glycine-2-C" on its 
incorporation into globin. 
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Fic. 2. The synthesis of heme and the incorporation of glycine 
into globin in rabbit bone marrow in ritro as a function of time of 
incubation. 
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Taste IV 
Influence of temperature on incorporation of 
glycine into heme and globin 
Specific activity of glycine 
Temperatu Ratio, heme to globin 
Heme Globin 

«pm mmole 

39 43 ,600 | 52,500 0.81 

35 32,800 44.600 0.74 

21 9,600 | 12,400 0.78 
the vicinity of 37° are negligible. Incubation at 37° was there- 
fore adopted. 


Cellular Characteristics and Biosynthetic Activity per Cell in 
Bone Marrow Preparations—In the preparation of the cell sus- 
pensions, the marrow of one animal was utilized in each experi- 
ment. Some correlation of the cellular characteristics with the 
observed radioactivity was needed to facilitate the standardiza- 
tion of the bone marrow preparations and to permit comparison 
of the results of different experiments. Since the biosynthesis 
of hemoglobin takes place in the immature erythroid cells, the 
number of nucleated red cells was determined, and the contribu- 
tion of the bone marrow reticulocytes was assumed to be small 
and was not taken into account. 

Table V presents the cellular characteristics and the biosyn- 
thetic activity of 17 preparations of bone marrow. The first 
group comprised normal animals and the second group those 
with severe anemia induced either by bleeding or by treatment 
with acetylphenylhydrazine. The total number of nucleated 
cells (Table V, Column 3) was | to 2 billion. It should be noted 
that in the bone marrow of animals with induced anemia, the 
total number of nucleated cells remained within the same range 
as in the normal animals, but the proportion of nucleated red 
cells (Column 2) was increased to as high as SS per cent. In 
normal animals the percentage of nucleated red cells was subject 
to large variations and ranged from 27 to 72 per cent, with some 
apparent relationship to the age of the animals (Column 1). The 
activity per cell varied over a relatively narrow range from 1.1 to 
27 «p.m. (Column 6), including the values from animals 
with induced anemia. The variation in ratio of heme to globin 
(Column 7) was from 0.58 to 1.14. 

Changes in Biosynthetic Activity per Cell as Related to Age of 
Immature Erythroid Cella—The normal bone marrow contains 
immature erythroid cell< of different ages, ranging from stem 
cells to reticulocytes. The total bone marrow system does not 
permit the study of an immature cell population of uniform age. 
It ix possible, however, to change the average age of the cell 
population by inducing anemia and reticuloeytosis. The oecur- 
renee of very young erythrokl cells in the bone marrow is in- 
creased as a result of hyperplasia, and in the induced anemia 
there is a simultaneous release of reticulocytes into the peripheral 
cireulation. The reticulocytes may be considered as relatively 
old, but still immature, red cell« and are capable of hemoglobin 
evnthesis (3-6). Table VI compares the synthetic activity per 
cell of nucleated red cells of the marrow with that of reticulocytes 
of the peripheral blood. The synthetic activity is far higher (8 
to 48 times) in the marrow cell than in the reticulocyte of the 
«ame animal. This large range of variation is probably attribut- 
able to differences in the «ynthetice activities of different kinds of 
reticulocytes. In general there appeared to be greater synthetic 
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activity in the reticulocytes that were rich in reticulum than in 
those with less reticular material. This is consistent with the 
observation that the younger the reticulocyte, the higher its 
content of vitally stainable material, which has been found to be 
ribose nucleic acid (13, 14). 


Tastes V 
Cellular characteristics and synthetic activity 
of bone marrow preparations 
| heme 
Group red cells | 
cls | per cell | Stam, 
medium 
Normal rab- 
bits® 
(6) 72 | 1000, 98 22,50 2.3 0.75 
(7) 65 | 1220 99 | 17,800 1.2 | 0.60 
(8) 64 | 1920 153 | 19,600 1.3 0.68 
(10) 58 | 1400 101 | 16,700, 1.7 0.94 
(8) 53 | 1580 106 | 15,500 1.5 | 0.77. 
(8) 50 | 1610 100 13,000 1.3 0.88 
(8) | 90) 6 | 7.70/13 | 1.14 
(9) 46 68 14,000/ 2.0 
(13) 46 | 1660 97 12,200} 1.3 | 0.86. 
(13) 33 | 92 16,700; 1.8 | 1.14. 
(7) 33 1800 78 (21,200 2.7 0.98 
(12) 28 (2120 75 13,200 1.8 0.87. 
(12) 27 1740 | 59 «12,100 «2.1 0.87 
Rabbits with | 
induced | 
anemia | | 
Phenylhy 47,100 1.1 0.89 
drazine S$ 1780 45 60,800 1.6 0.58. 
Bleeding 63 1990 650 71,000 1.7 0.73. 
72 1680 | 562 70,500 0.58 | 


* Numbers in parentheses indicate age of rabbit, in weeks. 


Taste VI 


Comparison of synthetic activities of nucleated red cells and of 
ctreulating reticulocytes in rabbits with induced anemia 


Ratio of activities Ratios heme to globin 
n 
Experiment to N leated | 
reticulex ytes uc Retic- 
red cells wlocytes 


1. Phenylhydrazine (7 days), | 
100% reticulocytes, 
matoernt s.4 

Il. Bleeding for 3 consecutive 
days, 23% reticulocytes, 
hematoerit 25% 

Ill. Phenylhydrazine (6 days). 
100% reticulocytes, 
matoerit 30% _.. 

IV. Bleeding every 3rd day, 
16% reticulocytes, he-— 
matocrit 32% 48.0 | 


* Ratio of activities 
X me. of globin 
number of nucleated red cells 


058 0.78 
0.95 


1.08 


1.42 


¢.p.m./mg. X mg. of globin 
number of reticulocytes 


€ 

| 


In normal rabbit bone marrow and in the reticulocytes of the 
peripheral blood of the rabbit the ratios of heme to globin are 
in the vicinity of 1. In progressing from the marrow cell to 
the reticulocyte, the biosynthetic activity for both heme and 
globin declines markedly, but the rate of decline for each process 
is sufficiently similar to maintain a heme to globin ratio of ap- 
proximately 1. In this respect these findings in the rabbit bone 
marrow are different from those in duck erythrocytes in which the 
heme to globin ratio was usually greater than | (3, 4) and are 
more nearly comparable to those previously reported in rabbit 
reticulocytes (5) and dog reticulocytes (6). 

Influence of Cobalt on Biosynthesis of Heme and of Globin—The 
effects of cobalt, a hematopoietic agent (15, 16), are presented as 
an example of how this system can be employed in the study of 
factors related to the synthesis of hemoglobin. Bone marrow 
cells were incubated in isotonic sodium chloride solution rather 
than in Krebs-Ringer phosphate buffer, to avoid the formation of 
insoluble cobalt phosphates. Cobalt, in the form of cobaltous 
chloride (CoCl,-6H,O) was added to the medium in concentra- 
tions of 10-* to 10° mw. =“ Fig. 3 presents the results of three sep- 
arate experiments. The data are expressed as percentage of 
control values. In control samples the radioactivity observed 
was of the order of 500 c.p.m. in the globin and 2000 c.p.m. in the 
hemin. In the presence of cobalt the dissociation of the synthe- 
sis of heme and of globin is observed. Whereas heme synthesis 
is inhibited, the synthesis of globin is enhanced. These effects 
increase with increasing concentration of cobalt, but are observed 
at the level of 1 x 10-* mu. 


Heme 
Control 
8 


Concentration of Cobolt 


Fic. 3. Influence of cobalt (Co**) on the biosynthesis of heme 
and on the incorporation of glycine into globin. 
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In previous studies heme synthesis in rabbit bone marrow was 
inhibited by cobalt at concentrations greater than 10~* s (17); 
and in duck erythrocytes cobalt, at 5 x 10-* wu, markedly in- 
nificantly affected (3, 4). Recently an increase in the incor- 
poration of leucine into the protein of rabbit reticulocytes has 
been shown to occur with cobalt at 10~* « (18). The findings in 
rabbit bone marrow which are described here are of interest be- 
cause of the sensitivity of this system in ritro to concentrations 
of cobalt as low as 10-* w, a concentration which is said to be 
achieved in vivo on administration of cobalt to animals (19), and 
because of the divergent effects on the synthesis of heme and of 
globin. These findings are not construed as evidence concerning 
the mechanism of action of cobalt in vivo. However, the stimu- 
lation of globin synthesis, even at very low concentrations of 
cobalt, raises the possibility that one of the actions of cobalt 
may be a direct effect on the erythroid cell. The effect of this 
metal on the synthesis of other proteins also deserves explora- 
tion. 


A preparation of rabbit bone marrow which is suitable for the 
study of the biosynthesis of heme and of globin in vitro is de- 
scribed. Plasma is shown to be of value in the initial isolation 
of the marrow cells. Addition of erythrocytes of the peripheral 
blood to the phosphate buffer used as the incubation medium 
helps to preserve the biosynthetic activity of the erythroid cells. 

By partial hypotonic lysis, the erythroid and myeloid cells of 
the bone marrow can be separated. This technique permits 
validation of the purity of the globin, particularly of the finding 
that the globin isolated from the whole marrow is not contam- 
inated by white cell protein. 

The effects of substrate concentration (glycine-2-C"), time of 
incubation, and temperature are defined. 

The biosynthetic activity for both heme and globin declines 
markedly as the immature erythroid cells of the marrow progress 
to the reticulocyte stage. The rate of decline for each process is 
sufficiently similar to maintain a heme to globin ratio which 
approximates unity. 

The sensitivity of this marrow system to metabolic agents is 
reflected in the effects of cobalt. In concentrations of cobalt 
ranging from 10~* to 10°* m, the incorporation of glycine into 
globin is enhanced whereas heme synthesis is inhibited. 
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Urocanic acid, produced by the nonoxidative deamination of 
L-histidine, has been demonstrated as the first intermediate in 
the degradation of this amino acid in liver (1-6) and in micro- 
organisms (7-9). The subsequent enzymatic degradation of 
urocanic acid yields a-t-formamidinoglutaric acid (10-13). 
The present paper describes the enzymatic formation of an un- 
stable intermediate in this reaction sequence and its tentative 
identification as 4-imidazolone 5-propionic acid. 

EXPERIMENTAL 

Chemicals—t-Histidine monohydrochloride and glutamic acid 
were products of the Nutritional Biochemicals Corporation, 
Cleveland, Ohio. Urocanic acid was a product of the California 
Foundation. Synthetic and enzymatically prepared a-_-form- 
amidinoglutaric acid and synthetic L-formylisoglutamine were 
generously provided by Dr. Herbert Tabor. Urocanic acid-2-C™ 
was prepared from histidine-2-C™ (14) according to the pro- 
cedure of Mehler and Tabor (6) and was isolated after the addi- 
tion of carrier urocanic acid. When chromatographed in two 
different solvents this material gave a single radivactive spot 
coinciding with that of urocanic acid. Isoglutamine was kindly 
provided by the Department of Biological Chemistry of this 
Medical School. 

Bacteria—The cultivation of Aerobacter aerogenes strain 1033, 
has been described previously (15). The major carbon source 
was 0.2 per cent histidine monohydrochloride. 

Analytical Procedures—The products of the enzymatic deg- 
radation of urocanate were separated and identified by paper 
chromatography in three solvent systems: (a) sec-butanol-formic 
acid-H,O, 19:2:6; (6) n-butanol-acetic acid-HO, 15:3:7; (©) 
100 gm. of phenol in 20 ml. of an aqueous solution containing 
6.3 per cent of sodium citrate and 3.7 per cent of KH,PO,. 
Glutamic acid and isoglutamine were detected by spraying with 
a solution of 0.1 per cent ninhydrin in ethanol, and by heating. 
Formamidinoglutarate was converted to glutamic acid by ex- 
posing the chromatograms to ammonia vapor for | hour; this 
was followed by aeration to remove the ammonia. Formyliso- 
glutamine and formylglutamic acid were detected by treatment 
of the paper with chlorine and by spraying with a solution con- 
taining starch and potassium iodide (16). Urocanic acid was 
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located by its ultraviolet extinction. The Ry values of these 
compounds may be found in Table III. 

Glutamic acid, isoglutamine and formamidinoglutarate react 
in solution with the reduced ninhydrin reagent of Moore and 
Stein (17) and give the same color vield. Formylisoglutamine 
reacted with ninhydrin only after hydrolysis to glutamic acid 
by alkali; 0.1 ml. of the neutralized sample was added to 0.5 
ml. of 0.1 ~ NaOH, and the solution was placed in a vacuum 
desiccator over H,SO, at 37° for 16 hours to accomplish the 
hydrolysis and to remove the liberated ammonia. 

Glutamic acid was determined specifically with glutamic acid 
decarboxylase from squash (18). Urocanate was estimated 
spectrophotometrically at 277 my (6). Ammonia was deter- 
mined as previously described (8). 

The radioactivity of the compounds separated by chroma- 
tography was measured by a windowless scanning device (Forro). 

Urocanase activity was measured in a test <vstem containing 
10 moles of urocanate, 67 pmoles of phosphate buffer, pH 7.4, 
and enzyme in a total volume of | mil. at 37°. A unit is defined 
as the degradation of | umole of urocanic acid in | hour. 

Formamidinoglutarate hydrolase activity was measured in a 
similar system, using formamidinoglutarate as substrate and 
determining the rate of formation of glutamic acid. 


RESULTS 


Preparation of Extract—The bacteria from 12 |. of medium 
were harvested by centrifugation in a supercentrifuge (Sharples) 
at 4°, and washed with 0.1 of the original volume of 0.01 m 
phosphate buffer, pH 7.0. The yield was about 2.0 gm. of wet 
bacteria per |.; 6 gm. portions of wet bacteria were suspended 
in 24 ml. of 0.01 « phosphate buffer, pH 7.0, and disrupted by 
sonic oscillation in a 10 ke. magnetostrictive oscillator (Raytheon 
Manufacturing Company) at 4° for 4 minutes. The cellular 
debris was removed by centrifugation at 18,000 x g at 4° for 
40 minutes. 1 mil. of the supernatant solution contained 20 mg. 
of protein and 100 to 200 units of urocanase activity. 

Activity of “Dilute” Extract—It had been observed previously 
that “concentrated” extracts (4 to S mg. of protein per ml. of 
reaction mixture) of histidine-grown A. aerogenes converted 
urocanate quantitatively to glutamic acid and formamide (8). 
In contrast, “dilute” extracts (0.5 to 1.0 mg. of protein per ml. 
of reaction mixture) degraded urocanate, but without the forma- 
tion of glutamic acid. The presence of the intermediate product 
or products was shown by the appearance of glutamic acid on 
the subsequent addition of more concentrated extracts; further- 
more, treatment with alkali yielded equimolar quantities of 
glutamic acid and ammonia equivalent to about 75 per cent 
of the urocanic acid which had dixappeared. The dilution of 
the extract did not, however, decrease the activity per mg. of 
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Tass I 
Products of action of “‘dilute’’ extract on urocanic acid 

The reaction mixture consisted of 150 smoles of phosphate 
buffer, pH 7.4, 60 smoles of urocanate, and Acrobacter extract as 
indicated, in a total volume of 3.0 ml. at 37°. When all of the 
urocanate had disappeared (2.5 hours), two | ml. portions were 
removed: to one portion was added an equal volume of H), and 
the protein was precipitated with 0.2 ml. of perchloric acid (Ex- 
periment 1); to the other portion was added 1.0 ml. of Aerobacter 
extract, the mixture was incubated for 1 hour, and the protein 
was then precipitated with 0.2 ml. of perchloric acid (Experiment 
2). The supernatant solutions were neutralized and analyzed as 
described in “Experimental.” 


extract, 
— | Len 
Glutamate*......... | trace | S21 
Immediate ninhydrin-reactivet _.. | 3.2 | 6.4 
Total ninhydrin-reactive?. 8.2 10.0 


* Estimated on paper chromatograms by comparison with an 
appropriate series of standards. 

t Material reacting with the ninhydrin reagent compared with 
a standard solution of glutamic acid. 

t Material reacting with the ninhydrin reagent after alkaline 
hydrolysis, as described in “Experimental,’’ compared with a 
standard solution of glutamic acid. 


protein of either urocanase or formamidinoglutarate-hydrolase 
(the enzyme which splits formamidinoglutarate to glutamic 
acid and formamide); it therefore appears that there is an un- 
known intermediate between urocanate and formamidino- 
glutarate, and that dilution of the extract interferes with the 
enzyme that converts this unknown intermediate to form- 
amidinoglutarate. 

This hypothesis ix supported by the analysis of the products 
of the action of the “dilute” extracts on urocanate (Table I). 
It can be seen that although some formamicdinoglutarate was 
formed (Experiment 1), it could not account for all of the glu- 
tamic acid that was produced by the subsequent action of 
“concentrated” extract on the products of the “dilute” extract 
(Experiment 2). The reaction mixture of Experiment | ap- 
parently contains a compound, presumably a precurser of 
formamidinoglutarate, which the “concentrated” extract con- 
verts to glutamic acid. Analysis revealed the presence in this 
reaction mixture of material whieh upon alkaline hydrolysis was 
converted to a compound capable of reacting with ninhydrin. 
An attempt was made therefore to isolate this alkali-labile 
material in the hope that it would prove to be the precursor of 
formamidinoglutarate. 

Isolation of Producta of “Dilute” Extract—\ gm. of urocanic 
acid was neutralized, disolved in 690 ml. of 0.01 « phosphate 
buffer, pH 7.4, and exposed to 35 ml. of enzyme extract (0.5 
mg. of protein per ml. of reaction mixture) at 37° for 2.5 hours. 
The reaction was stopped by the addition of 11 ml. of 71 per 
cent perchloric acid and the precipitated protein was removed 
by centrifugation; 99 per cent of the urocanic acid had disap- 
peared with the formation of 0.45 molar equivalents of material 
which reacted immediately with ninhydrin, and of 0.33 molar 


H.R. B. Revel and B. Magasanik 931 


equivalents of material which reacted with ninhydrin only after 
alkaline hydrolysis. 

The solution was freed of perchlorate by neutralization with 
KOH and was concentrated to 200 mi. in a vacuum at 30°. 
The solution was brought to pH 2.0 and was passed over a 
Dowex 50-H* column (3.5 =< 25 «m.). Glutamic acid (0.09 
molar equivalents) and formamidinoglutaric acid (0.2 molar 
equivalents) were retained by the resin and could be eluted 
separately with 2s HCl. The material reacting with ninhydrin 
only after alkaline hydrolysis was not held by the cation ex- 
change resin and was fractionated by adsorption to a Dowex 
2-formate column (3.0 < 30 «m.), followed by gradient elution 
with 4 s formic acid in the reservoir and a mixing chamber of 
500 ml. capacity, originally filled with water (19); 12.5 ml. frae- 
tions were collected. This procedure yielded three well sepa- 
rated fractions: Fraction I, 0.06 mole equivalent was eluted in 
tubes 5 to 15 and was tentatively identified as isolglutamine 
by its Ry value in a single solvent; Fraction II, 0.31 mole 
equivalent, the major fraction, was eluted in tubes 38 to 50; 
Fraction III, 0.02 mole equivalent was not identified. 

Fraction I] was evaporated in a vacuum at 30° to a viscous 
oil. The drying was continued in a vacuum desiccator over 
KOH to remove residual formic acid. The residue was treated 
with 5 ml. of absolute ethanol and chilled. A white crystalline 
material formed and was collected by filtration and recrystallized 
from het ethanol. Fraction Ila consisted of 100 mg.; the m.p. 
was 109-110°. The filtrate was added to the mother liquor; 
upon addition of ethyl ether and chilling, another crop of white 
erystals was obtained. Fraction Ilb consisted of 110 mg.; 
the m.p. was 134-135". 

Identification of Fractions Ila and 1]1b—(Tables I and III). 
Both compounds vielded mixtures of glutamate, formate, and 
ammonia upon alkaline hydrolysis, and they showed the same 
elementary composition, pK’ values, and Ry values in three 
solvents. These properties were identical with those of syn- 


Tance Il 


Comparison of Fractions Ila and I1b with N formyl -t-isoglutamine 


| | Form. 
Compound Fraction Hla Fraction 1th yliso =| 
| | 
Composition 
41.2 40.7 41.3 41.4 
H, % 5.8 5.6 5.9 5.8 
N,.% 16.0 15.4 15.7 16.1 
pK’ 44 | 4.5 4.3 | 
2% in HCI e | | 
Melting points§.... 100-110" 134-135 | 138° 
* The recorded here are those reported by Borek 


and Waelsch (10) for a synthetic sample of t-formylisoglutamine. 

Caleulated. 

$ The elementary analysis was carried out by Mr. 8. M. Nagy, 
Microchemical Laboratory, Massachusetts Institute of Tech- 
nology, Boston, Massachussetts. 

§ The melting points, reported without correction, were deter- 
mined with an electrically heated «tage (Fisher-Johns). Two 
samples of t-formylisoglutamine which had been prepared by 
Dr. Herbert Tabor by a synthetic and an enzymatic procedure, 
respectively, melted at 134-135" and at 136-137°; admixture of 
Fraction Ila to these compounds caused no depression of the 
melting point. 
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Tasze III 
Rr values 
Solvent system® 
Compound 
I II it 

Glutamic acid........................ 0.25 0.24 
N-Formyl-t-glutamic acid............ 0.73 | 0.64 | 0.36 
a-L-Formamidinoglutaric acid........ 0.80 0.37 0.40 
L-Formylisoglutamine................ 0.61 0.51 0.63 
0.28 0.18 0.62 
0.29 0.19 0.60 


* The solvent systems and the methods for detecting the com- 
pounds on the chromatograms are described in ‘‘Experimental.’’ 

t These degradation products of Fractions Ila and IIb, respec- 
tively, are described in the text. 


thetic N-formyl]-L-isoglutamine. Upon storage in solution at 
pH 2 at 4° for 6 weeks, Fractions Ila and I[b were converted 
to Fractions (Ila’ and IIb’) which react immediately with 
ninhydrin, and which possess the same Rp values as isoglutamine. 

IIa and IIb were found to differ from one another only in 
melting point and in optical activity. The higher melting com- 
pound, IIb, has the same specific rotation as a synthetic sample 
of N-formyl-.-isoglutamine, and. its melting point is not de- 
pressed by the admixture of this synthetic compound. The 
lower melting compound, IIb, is optically inactive. On the 
basis of these results, I[b may be identified as N-formyl-t-iso- 
glutamine, and Ila as N-formy]-pL-isoglutamine. 

Neither compound was degraded by freshly prepared extracts 
of A. aerogenes which catalyzed the quantitative conversion of 
urocanate to glutamic acid and formamide. It must therefore 
be concluded that formylisoglutamine is not on the main path- 
way of the enzymatic degradation of urocanate. 

Purification of Urocanase—The purification of urocanase was 
undertaken in the hope of obtaining a preparation which would 
convert urocanate quantitatively to a precursor of formamidino- 
glutarate. 

All operations were carried out at 4°. 11 mil. of a 2 per cent 
protamine sulfate solution were added slowly to 70 ml. of an 
extract of histidine-grown A. aerogenes. The mixture was 
centrifuged at 8000 xX g for 10 minutes and the supernatant 
solution (75 ml.) was treated with an equal volume of a neutral, 
saturated solution of ammonium sulfate. The mixture was 
centrifuged at 8000 < g for 10 minutes and the supernatant 
fluid (140 ml.) was treated with 60 ml. of the ammonium sulfate 
solution. The precipitate was collected by centrifugation at 
8000 < g for 10 minutes and was dissolved in 8.0 ml. of 0.01 
phosphate buffer, pH 7.0. This enzyme solution was dialyzed 
for 3 hours against two changes of 2 1. of 0.01 « phosphate buffer, 
pH 7.0; longer dialysis inactivated the urocanase. 

A summary of the purification procedure is presented in Table 
IV. It is apparent that in terms of specific activity the purifi- 
cation was not great. Attempts to increase the purification by 
heat treatment, calcium phosphate gel adsorption, or alcohol 
precipitation were unsuccessful. 

Properties of Purified Extract—This preparation, which was 
used in all subsequent experiments, consistently lost about 33 
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per cent of its urocanase activity within the first 24 hours after 
dialysis, whether stored at 0° or —20°, and thereafter was stable 
for at least 2 months at —20°. 

Other enzymatic activities originally present in the crude 
extract were decreased considerably. The purified preparation 
no longer attacked formamidinoglutarate and its ability to 
form this compound even after prolonged incubation was greatly 
impaired. 

The pH optimum of urocanase is between 7.4 and 78. Treat. 
ment with Dowex 2-chloride or with Versene (the disodium salt 
of ethylenediaminetetraacetic acid, Dow Chemical Company) 
did not affect the enzymatic activity. 

Action of Urocanase—The disappearance of urocanate can 
be measured by the decrease in ultraviolet extinction of the 
reaction mixture. When the crude “concentrated” enzyme 
was used, the ultraviolet extinction at 277 my and at 260 mg 
fell linearly and proportionally to zero; in contrast, when the 
purified enzyme was used, the rate of change in extinction at 
260 my was slower than at 277 my, and the decrease in extine- 
tion was linear only until it had fallen to approximately 20 per 
cent of its initial value at 277 my (Fig. 1). These observations 
suggested that the purified enzyme converted urocanate to an 
ultraviolet-absorbing compound; an attempt was therefore made 


Tasie IV 
Purification of urocanase 
Fraction Volume Activity Protein activity 
ml. | | 
Extract................| 70 4620 1050 4.4 
Protamine............... 75 3937 7.5 
8.2 2168 139 15.6 
(NH,) 280, after 24 hrs... 10.4 
A. CRUDE ENZYME | B. FRACT. ENZYME 
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Fic. 1. Comparison of the spectral changes during the deg- 
radation of urocanate by crude and purified enzyme prepara- 
tions. A, crude enzyme; B, purified enzyme. The reaction mix- 
ture consisted of 100 umoles of phosphate buffer, pH 7.4, 20 wmoles 
of urocanate, and the appropriate enzyme preparation in a total 
volume of 2.0 ml. Incubation was at 37°. Portions of 0.05 ml., 
removed at the designated time intervals, were pipetted into 10 
ml. of 0.05 « phosphate buffer, pH 7.4, and were read immediately 
in a Beckman spectrophotometer at 277 and 260 my. 
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nats _ Fie. 2. Continuous record of the spectral changes during the 
action of urocanase on urocanate. Left, initial and final spectra; 
right, the change in absorption at 277 my and the 260 to 277 ms 
nee ratio. The experimental conditions correspond to those in Fig. 
stiviay 3 with no additions. Incubation was at 25° in a Cary recording 
spectrophotometer. 
J 
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to follow the spectral changes during the enzymatic reaction 
by reducing the concentrations of enzyme and of substrate to a 
level which permitted direct observation in a recording spectro- 
photometer. The results of this experiment, illustrated in Fig. 2, 
reveal that the ratio of the ultraviolet extinctions at 260 and at 
277 my increased with the fall in absorption at 277 my to a 
maximal value of 1.7; after this point had been reached the ultra- 
violet absorption of the solution continued to decline slowly, 
| but without further change in the ratio of the ultraviolet ex- 
tinetions. The reaction mixture at that time had an extinction 
maximum at 261 my. Assuming that all the urecanate had 
been converted to a single ultraviolet-absorbing compound, a 
minimal value of 3000 for the extinction coefficient at 261 my 
ean be calculated. 

The stability of this material and its susceptibility to en- 
zymatic attack were investigated next (Fig. 3). The material 
was produced as before by the action of purified urocanase, and 
a second portion of this enzyme, or a crude enzyme extract 
capable of degrading urocanate to glutamic acid, was added. 
It can be seen that the decrease of the extinction at 260 my 
was accelerated markedly by the crude extract, but not by the 
| purified enzyme. Furthermore, the slow decline of extinction 
was found to continue after removal of the purified enzyme by 
ex: precipitation with perchloric acid and neutralization of the 
ra- supernatant fluid. It appears, therefore, that the compound 
ix- formed by the action of purified urocanase is acted on by enzymes 
lex present in the unfractionated extract. The compound also 
tal breaks down nonenzymatically; its half life in neutral solution 
al, under these conditions is approximately 25 minutes. 

10 When the products of the action of purified urocanase on 
ely urocanate-2-C™ were subjected to paper chromatography in 
Solvents I and II, two radioactive components were observed 
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(Experiment 1). The major component (a) did not absorb 
ultraviolet; it was identified as formylisoglutamine by its mo- 
bility and by its reaction on the paper in the chlorine-starch-KI 
test. The other, faster moving, radioactive component ab- 
sorbed ultraviolet weakly. When these products were subjected 
to the action of crude extract before chromatography (Experi- 
ment 2), component (a) remained, component (b) disappeared, 
and a new component (c) appeared which migrated to the same 
position as formamide, the only radioactive product produced 
by the action of the crude extract alone on urocanate-2-C™ 
(Experiment 3). Glutamic acid was produced in Experiments 
2 and 3 but not in Experiment 1. However, once component 
(b) was separated from the other reaction products by paper 
chromatography or paper electrophoresis it did not give rise 
to glutamic acid when incubated with the crude extract. These 
observations suggest that the ultraviolet-absorbing compound 
formed from urocanic acid contains imidazole Carbon 2 of the 
substrate and can be converted by the crude extract to gluta- 
mate; however, it is too unstable to be separated from the other 
components of the reaction mixture by the methods used. 
Formylisoglutamine, which was the other major component 
produced by the purified urocanase, appears to result from the 
nonenzymatic degradation of this intermediate. An attempt 
was therefore made to study the kinetics of the formation and 
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Fic. 3. Enzymatic degradation of the labile ultraviolet-ab- 
sorbing compound. The reaction mixture consisted of 200 ymoles 
of phosphate buffer, pH 7.4, 0.3 wmoles of urocanate and 0.05 ml. 
of the fractionated enzyme preparation in a total volume of 3 ml. 
in a cuvette with a light path of lem. Incubation was at 25°. 
The change in extinction at 277 mp and 260 my was followed. 
Additions were made as indicated and explained in the text. 
1, no addition at A; 2, 0.1 ml. of the fractionated enzyme was 
added at A; 3, 0.1 ml. of a protamine supernatant fraction added 
at A. 
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Fic. 4. Kinetics of formation and disappearance of the glutamic 
acid precursor. The reaction mixture, consisting of 250 units 
of purified enzyme, 100 wmoles of urocanate and 250 wmoles of 
phosphate buffer, pH 7.4, in a total volume of 5.0 ml. was in- 
cubated at 37°. The disappearance of urocanate was followed 
by the change in absorption at 277 and 260 my. At successive 
time intervals, 0.7 ml. samples were removed and added to an 
equal volume of crude Aerobacter extract containing 100 umoles 
of phosphate buffer, pH 7.4. These mixtures were incubated for 1 
hour at 37° and the reaction stopped by the addition of perchloric 
acid. Glutamic acid was determined in the neutralized super- 
natant fluids by the decarboxylase method. In a similar experi- 
ment, samples were removed at the designated time interval 
and analyzed for immediate and total ninhydrin reactive material 
as described in the methods. K——X urocanate; @-———® 
glutamic acid formed upon incubation with the crude extract; 
O----- O material which reacts in the Moore and Stein test (chro- 
matograms indicated the absence of glutamic acid, formamidino- 
glutarate, or soglutamine); 4 ----- - J formylisoglutamine (ma- 
terial reacting with ninhydrin only after alkaline hydrolysis). 


MINUTES 


disappearance of the glutamic acid precursor. This was ac- 
complished by adding crude ‘“‘concentrated” extract at successive 
time intervals to portions of a reaction mixture containing 100 
pmoles of urocanate and the purified enzyme (Fig. 4). It was 
found that when 95 umoles of the urocanate have disappeared 
(24 minutes), the reaction mixture contains at least 70 umoles 
of the precursor of glutamate. At this point the reaction mix- 
ture contains material which reacts with ninhydrin directly, 
but is not glutamic acid, formamidinoglutarate or isoglutamine. 
Prolongation of the incubation results apparently in the de- 
struction of the precursor of glutamic acid, with a concomitant 
rise in the concentration of formylisoglutamine ; after 60 minutes, 
only 40 wmoles of glutamic acid are produced; removal of uroca- 
nase and storage in the cold at pH 1 or pH 7 did not prevent 
the disappearance of glutamic acid precursor. Thus, this 
compound seems to break down nonenzymatically, presumably 
to formylisoglutamine; its half-life may be estimated roughly 
at 30 minutes. 

In summary, these observations suggest that the labile, 
ultraviolet-absorbing product of the action of urocanase on 
urocanate can be converted by enzymes present in the un- 
fractionated extract to glutamic acid and formamide. 
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DISCUSSION 

The results of the experiments presented in the preceding 
section indicate that extracts of histidine-grown A. aerogenes 
contain an enzyme, urocanase, which converts urocanate to a 
labile compound, absorbing maximally at 261 my, pH 7.4, with 
a molar extinction coefficient between 3000 and 4000. This 
compound can be converted by other enzymes of the extract 
to glutamic acid and formamide via formamidinoglutarate 
(8); its nonenzymatic breakdown produces a mixture of L- and 
of pi-formylisoglutamine. 

The properties of the labile precursor of formamidinoglutarate 
are those expected of 4-imidazolone 5-propionic acid, which 
has been postulated as intermediate in the conversion of urocan- 
ate to formamidinoglutarate (10, 20). 4-Imidazolones, un- 
substituted in position 2 of the ring, are notoriously unstable 
(21, 22), and it is only recently that such an imidazolone has 
been synthesized. The compound, 4-imidazolone, was prepared 
by Freter et al. (23) in aqueous solution, but was too unstable 
to be isolated; it absorbs ultraviolet maximally at 259 my and 
is converted to formiminoglycine by an extract of Clostridium 
cylindrosporum. This enzymatic reaction is analogous to the 
cleavage of 4-imidazolone 5-propionie acid to formamidino- 
glutarate. 

The urocanase was purified only 4-fold in the experiments 
presented here; however, this purification was apparently suffi- 
cient to produce extracts which could neither convert the imid- 
azolone propionic acid produced to formamidinoglutarate, nor 
convert formamidinoglutarate to glutamic acid. Dilution of 
the crude extracts also led to a loss of enzymatic activity toward 
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Fic. 5. The degradation of urocanic acid. UCA, urocanic acid; 
IPA, imidazolonepropionic acid; FAG, a-formamidinoglutaric 


acid; FIG, formylisoglutamine; HIP, hydroxyimidazolepropionic 
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imidazolone propionic acid. This may perhaps be due to the 
lass of a dissociable cofactor. The imidazolone propionic acid 
produced by the action of the urocanase would accumulate in 
the reaction mixture, and would be diverted from the path of 
enzymatic degradation by its nonenzymatic breakdown to 
form lisoglutamine. 

The formation and degradations of imidazolone propionic acid 
gre illustrated in Fig. 5. The conversion of urocanate to L-imid- 
azolone propionic acid may occur by one of the mechanisms 
proposed by Waelsch and his collaborators (10,24). t-Imidazo- 
lone propionic acid may then undergo rapid enzymatic cleavage 
between nitrogen 1 and carbon 5 of the ring to give L-formami- 
dinoglutarate. When this enzymatic reaction is prevented by 
dilution or fractionation of the extract, L-imidazolone propionic 
acid is cleaved spontaneously between nitrogen 1 and carbon 
2 to give L-formylisoglutamine, or is converted via its enol form 
to p-imidazolone propionic acid, which in its turn yields p-for- 
mylisoglutamine. The observed predominance of t-formyliso- 
glutamine over p-formylisoglutamine seems to indicate that the 
degradation proceeds more rapidly than the racemization. 

These observations may resolve the old controversy as to 
whether pt-formylisoglutamine or L-formamidinoglutarate is an 
intermediate in histidine degradation. This controversy arose 
when certain workers obtained pt-formylisoglutamine and 
isoglutamine as products of the action of liver and bacterial 
enzymes on histidine or urocanate (1-4), whereas others ob- 
tained t-formamidinoglutarate and t-glutamic acid (10, 11). 
It ix evident from our observations that the loss of enzymatic 
activity toward imidazolone propionic acid will result in the 
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no reason to consider this compound an intermediate in the 
enzymatic degradation of histidine. 

SUMMARY 


The intermediates in the degradation of urocanic acid by 
Aerobacter aerogenes were studied with crude and partially 
purified extracts of histidine-grown organisms. Crude extracts 
catalyze the quantitative conversion of urocanic acid to glutamic 
acid and formamide via a-L-formamidinoglutaric acid. Dilution 
or ammonium sulfate fractionation of the extracts interferes 
with the formation of a-t-formamidinoglutaric acid and results 
in the formation of several products from urocanic acid. One 
of these, a labile, ultraviolet-absorbing substance, has been 
tentatively identified as 4-imidazolone-5-propionic acid. This 
material appears to be on the metabolic pathway since it was 
converted by the crude extracts to glutamic acid and formamide. 
Its nonenzymatic breakdown appears to be responsible for the 
accumulation of two other compounds, L-formylisoglutamine 
and pt-formylisoglutamine, which were not degraded by the 
crude extracts and hence appear to be artifacts rather than 
metabolic intermediates. 


Addendum—After this paper had been written a brief report 
by Feinberg and Greenberg came to our attention (25). These 
investigators have obtained evidence, by methods similar to 
ours, that purified extracts of beef liver convert urocanic acid 
to imidazolone propionic acid which breaks down nonenzymati- 
cally to material tentatively identified as formylisoglutamine. 
The results obtained with mammalian and with bacterial ex- 


accumulation of formylisoglutamine ; there seems to be at present tracts are thus in good agreement. 
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On the Activity of “Cystine Desulfurase” in Mouse Tumors* 


Jaxos A. STeKOL, Sipney Wess, Erne: I. 


From the Institute for Cancer Research, Philadelphia, Pennsylvania 


(Received for publication, May 29, 1958) 


According to Greenstein and Leuthardt (2, 3), all tumor tis- 
sues tested lack the activity of “cystine desulfurase,”’ as meas- 
ured by the amount of ammonia liberated on incubation of the 
tissues with cystine or cystine peptides under appropriate condi- 
tions. The apparent absence of cystine desulfurase in tumor 
tissue is not characteristic of tumors, however, since all other 
animal tissues, with the exception of liver, kidney, and pancreas, 
also lack the activity of cystine desulfurase (4). It is known 
that before desulfuration, cystine is reduced to cysteine by cys- 
tine reductase, an enzyme which requires DPNH as the cofactor 
(5). The enzyme that desulfurates cysteine, cysteine desulfur- 
ase, requires pyridoxal phosphate as the cofactor (6-8). It thus 
appeared that “cystine desulfurase” activity involves two sys- 
tems, cystine reductase and cysteine desulfhydrase, and that the 
concentration of available cofactors, DPNH and pyridoxal phos- 
phate, would be important considerations in the evaluation of the 
overall activity of cystine desulfurase. It has been reported that 
the concentration of DPN and DPNH (9) and of pyridoxine 
derivatives (10) in tumor tissue is considerably lower than in the 
other tissues of the host animal. These observations suggested 
the possibility that the apparent limited activity of cystine 
desulfhydrase in tumors was a reflection of the low concentration 
of the cofactors (DPNH and pyridoxal phosphate) and their dis- 
tribution in tumors among the various enzymes requiring these 
cofactors for activity, rather than of the limited amounts of the 
apoenzymes involved in the over-all desulfuration of cystine. 
The present report deals with this possibility. 

EXPERIMENTAL 


The measurement of the extent of desulfuration of cystine and 
cysteine by tumor or liver of tumor-bearing mice was made by 
the determination of the activity of lactic acid which was formed 
from pyruvic acid that originated from cystine-3-C" or cysteine- 
3-C™ on desulfuration and deamination under aerobic conditions. 

Substrates—t-Cystine-3-C" was prepared enzymatically by 
incubation of pi-serine-3-C“ and homocysteine with rat liver 
homogenate, supplemented with GSH, in Ringer-phosphate buf- 
fer containing Mg**, at pH 7.4. In the deproteinized filtrate, 
cysteine-3-C" was oxidized to cystine-3-C" with an alcoholic solu- 
tion of iodine, precipitated at pH 4.5, and recrystallized from 
dilute acid with ammonia to constant activity (11). L-Cysteine- 
3-C™ was prepared from L-cystine-3-C™ by reduction in liquid 
ammonia with metallic sodium. DPN, DPNH, GSH, pyridoxal 


* A preliminary account of this work has been published (1). 
The work was supported by grants from the National Cancer 
Institute, National Institutes of Health, United States Public 
Health Service, and from the United States Atomic Energy Com- 
mission, and by an Institutional Grant from the American Can- 
cer Society. 


phosphate, and pyruvate-2-C™ were commercial products of 
reliable quality. 

Isolation of Lactic Acid from Deproteinized Homogenates—40 
pmoles of L-cystine-3-C™, dissolved in acidulated water, or SO 
pmoles of L-cysteine-3-C™, or 40 pmoles of pyruvate-2-C™ were 
added to 25 ml. of Ringer-phosphate buffer (0.01 M phosphate) 
containing Mg** and 1 mmole of lactic acid, and the pH was 
adjusted with NaOH to7.4. 1 mg. of DPN, DPNH, or pyridoxal 
phosphate was added whenever necessary, and 2 gm. of liver or 
tumor were added. The mixture was homogenized and incu- 
bated in air for 2 hours at 37°. HSO, was added at the end of 
the incubation period to make the final concentration of the acid 
1 x, and the mixture was centrifuged at 15,000 r.p.m. for 30 
minutes. From the supernatant solution lactic acid was re- 
peatedly extracted with ethyl ether, the combined ether extracts 
were evaporated to dryness, and the residue was dissolved in 
water. The solution was then neutralized with NaOH, with 
methyl! red as the indicator. In order to avoid large losses of 
lactic acid during the repeated recrystallizations which are re- 
quired for isolation of zine lactate of constant activity, lactic 
acid was degraded to acetaldehyde by the procedure described 
below, and the acetaldehyde was isolated as the 2,4-dinitro- 
phenylhydrazone. 

Degradation of Lactic Acid to Acetaldehyde—Lactic acid ix oxi- 
dized in acid solution by sodium bismuthate to acetaldehyde and 
CO, (12). The following compounds did not interfere with the 
production of acetaldehyde from lactic acid by this reaction: 
intermediates of the Krebs cycle, glucose, formaldehyde, formate, 
alanine, cystine, cysteine, glutamic acid, or serine. a-Hydroxy 
acids, other than lactic acid, may form the corresponding alde- 
hydes on decarboxylation with sodium bismuthate, but the boil- 
ing points of these aldehydes are too high to permit them to come 
over during the flushing with N, at near zero and at room tem- 
peratures for | hour, as employed in our procedure for trapping 
the acetaldehyde. 

The neutralized solution of lactic acid, extracted from the fil- 
trates of the homogenates, was evaporated to dryness in a 
vacuum, the residue was dissolved in 0.6 ml. of water, and the 
solution was transferred to the degradation-distillation apparatus 
shown in Fig. 1. The flask was washed with an additional 0.7 
ml. of water and the washings were added to the tube containing 
the 0.6 ml. of lactate. 0.32 ml. of 85 per cent phosphoric acid 
was added, followed by 308 mg. of 90 per cent sodium bismuthate 
(about | ma). The inlet tube was immediately inserted into the 
tube containing the reaction mixture, and N,» gas was bubbled 
through the mixture at the rate of two bubbles per second while 
the degradation tube was immersed in ice water. The side arm 
of the tube containing the reaction mixture leads to a 15 ml. 
centrifuge tube containing 1.1 ms 2,4-dinitrophenylhydrazine 
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Fic. 1. Diagram of apparatus used in degradation of lactic 
acid to acetaldehyde. 


(218 mg.) in 6 ml. of 95 per cent ethanol and 0.45 ml. of concen- 
trated H,SO, The dinitrophenylhydrazine solution is first 
prepared by dissolving the hydrazine in 0.45 ml. H.SO,, then add- 
ing the 6 ml. of ethanol, and filtering if necessary. The reaction 
tube was kept in ice water during the first 8 minutes, the ice 
water was then removed, and the flushing with N; was con- 
tinued at room temperature for | hour. The hydrazone of acetal- 
dehyde, formed in the receiving tube, was removed by filtration 
through a fine sintered glass filter, washed with 3 ml. of ice-cold 
absolute ethanol three times, and dried at 100° for 30 minutes 


Taste I 
Formation of lactic acid from t-cystine-3-C™ or L-cysteine-3-C™ 
by tumor or liver homogenates of tumor-bearing mice 


J. A. Stekol, S. Weiss, and E. I. Anderson 


activity 100) 
Mammary adenocarcinoma (solid) a 
u-Cystine3-C". 0@ 0.56 
Plus DPNH 0.16 | 0.80 
Plus pyridoxal phosphate 01  i+j+=j.}0.% 
Plus pyridoxal phosphate plus 
Plus pyridoxal phosphate plus | 
L-Cysteine3-C™ 0.05 | 0.82 
Plus pyridoxal phosphate 05 0.80 
Plus pyridoxal phosphate plus 
DPNH 0.56 0.82 
Pyruvate-2.C™ | oo | 
Plus DPNH 2.85 2.39 
Ebrlich-Lettré carcinoma (ascites) | | 
L-Cystine-3-C™ 
Plus DPNH 
Plus pyridoxal phosphate 0.22 
pyridoxal pho«phate | 
DPNH 0.72 
L-Cysteine-C -3"* 00 
Plus pyridoxal pho«phate 
Plus pyridoxal ple 
0.62 


* For procedure employed see 
the text. Specific activity of L-cystine-C-3" and cysteine.3-C™ 
was 25 10° ¢.p.m., and that of pyruvate-2-C, 1.13 10° 
¢.p.m. 
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ina vacuum. Washing with ethanol was found sufficient to ob- 
tain a product of constant activity, since recrystallization from 
ethanol did not alter the activity. By this procedure, with the 
amounts of substrates and reactants indicated, 130 to 150 mg. of 
the hydrazone were obtained in numerous runs. The activity 
of acetaldehyde was determined on the hydrazone at infinite 
thickness, employing the Geiger- Miller counter with a thin mica 
window, with an over-all accuracy of +5 per cent. Since cys- 
tine-3-C™, ceysteine-3-C™, and pyruvate-2-C™ were employed as 
the substrates, the activity of the acetaldehyde derived from 
them was corrected by a factor of j in order to obtain the ac- 
tivity of lactic acid. The results shown in Table I are expressed 
as the ratio of the specific activity of the isolated lactic acid to 
the specific activity of the substrate, times 100 (relative specific 
activity, < 100). 


RESULTS AND DISCUSSION 


The data in Table I show that cystine desulfhydrase in several 
tumors,’ as measured by the production of lactic acid from the 
pyruvate formed from L-cystine-3-C™, is indeed low or absent 
compared to host liver. However, on supplementing the whole 
tumor homogenates with DPNH and pyridoxal phosphate, the 
desulfuration of cystine was as efficient as in the unsupplemented 
host liver homogenates. Neither DPNH nor pyridoxal phos- 
phate, added separately, nor the substitution of DPNH by DPN 
in the presence of pyridoxal phosphate, was as effective in in- 
creasing the production of lactic acid from L-cystine-3-C" as were 
DPNH and pyridoxal phosphate added together to the tumor 
homogenates. On the other hand, with L-cysteine-3-C™ as the 
substrate, the addition of only pyridoxal phosphate was required 
to obtain a marked increase in production of lactic acid by the 
tumor tissue. DPNH did not further enhance the production 
of lactic acid from cysteine by tumor tissue in the presence of 
pyridoxal phosphate. 

The data indicate that the desulfuration of cystine proceeds via 
the reduction of cystine to cysteine by cystine reductase, and in 
this reaction, as has been shown previously (5), DPNH is re- 
quired. The desulfuration of the resultant cysteine by cysteine 
desulfhydrase, requiring pyridoxal phosphate as the cofactor, is 
limited in tumors by pyridoxal phosphate. It can be concluded, 
therefore, that the limiting factors in the over-all desulfuration 
of cystine by tumor tissue are the low concentrations of available 
DPNH and pyridoxal phosphate in the tumors, and not the avail- 
able amounts of the apoenzymes of cystine reductase and cysteine 
desulfhydrase. The amounts of the apoenzymes in question 
which are apparently present in tumor tissues employed are com- 
parable to those which are apparently present in the liver of the 
host animal. 

The data in Table I also show that the production of lactic 
acid from pyruvate-2-C™ by tumor or liver homogenates was of 
about the same order of magnitude, and that the addition of 
DPNH to the homogenates did not significantly enhance the 
production of lactic acid from the pyruvate. The concentration 
of available DPNH in tumors did not limit the apparent activity 

* Qualitatively similar results, as far as the enhancing effects 
of the addition of DPNH and pyridoxal phosphate to whole tumor 
homogenates on the production of lactic acid from L-cystine-3-C 
and L-eysteine-3-C™ are concerned, were obtained with solid 
sarcoma 37 in Strain ICR mice, lymphosarcoma in C3H mice, 
thymoma in dba mice, and mammary adenocarcinoma in A- 
Hauschka mice. All tumors are transplanted tumors. 
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of lactic dehydrogenase as it did that of cystine reductase. 
The activity of various transaminases in tumors (4), requiring 
pyridoxal phosphate as the cofactor, is either equal to that in 
comparable normal tissues or higher, in contrast to the observed 
activity of cysteine desulfurase in tumors reported here. The 
lack of apoenzyme saturation with pyridoxal phosphate corre- 
lates with previous findings that cysteine desulfhydrase was 
extremely sensitive to pyridoxine deprivation in rats (13) and 
chickens (14), much more so than any other pyridoxal phosphate 
enzymes, and that amounts of pyridoxine over and above those 
normally fed increased the activity of this enzyme in tissues. 
Apparently, the observed low concentrations of the pyridine 
nucleotides and of pyridoxine derivatives in tumors is not neces- 
sarily an a priori indication of low activity of all the enzymatic 
systems which require these cofactors. The levels of coenzyme 
sufficient to saturate one apoenzyme do not do so for another. 
Whether the low levels of the pyridine nucleotides and of pyri- 
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doxal phosphate in tumors is a reflection of limited synthesi« of 
the cofactors in tumors, or of a permeability across the mem. 
branal barriers of the cofactors which are synthesized by the liver, 
is an open question. 
SUMMARY 

The apparently low activity of “cystine desulfurase” in tumor 
tissue was found to be due to low concentration of available 
DPNH and pyridoxal phosphate, the cofactors of cystine re. 
ductase and cysteine desulfhydrase, respectively. The amounts 
of the apoenzymes of cystine reductase and of cysteine desulf- 
hydrase (the two systems comprising “cystine desulfurase”) 
which are apparently present in tumor tissue are comparable to 
those present in the liver of host animals, as judged by the 
amount of lactic acid produced from L-cystine-3-C" or cysteine- 
3-C™ by the tissues on supplementation of the whole homogenates 
of tumors with DPNH and pyridoxal phosphate. 
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Glutamate as a Precursor for the Pyrrolidine Ring of Nicotine* 
Burton L. Lamperts Ricnarp U. Brerrum 
From the Kedzie Chemical Laboratory, Michigan State University, East Lansing, Michigan 
(Received for publication, June 23, 1958) 


Recently it has been demonstrated that the amino acid, 
ornithine, is an efficient precursor of the pyrrolidine ring of 
nicotine in the tobacco plant (1,2). Although there is considera- 
ble evidence that ornithine and glutamic acid may give rise to 
the pyrrolidine ring of proline through a common intermediate 
in animal systems (3) and in microorganisms (4), there has been 
little study of this metabolic relationship in higher plants. 
Morgan and Marion (5) isolated radioactive glutamic acid and 
proline from extracts of alfalfa plants that were fed C-labeled 
ornithine. On the other hand, Naylor and Tolbert (6) reported 
no evidence of C-labeled proline, ornithine, or arginine in leaves 
of barley seedlings after administration to the detached leaves 
of glutamic acid uniformly labeled with C". Hence, it seemed 
of interest to test glutamic acid as a precursor of the pyrrolidine 
ring of nicotine in the tobacco plant. In the present work, 
glutamic acid-2-C", fed to tobacco plants, was found to be con- 
verted to radioactive nicotine. Degradation of the nicotine 
revealed that positions 2 and 5 of the pyrrolidine ring were focal 
points of C™ labeling. 


EXPERIMENTAL 


The plants (Nicotiana rustica L.) were grown for 2 to 3 months 


Before administration of the radioactive glutamic acid, 
it was necessary to ascertain whether this amino acid was toxic 
in low concentrations or whether root microorganisms might 
alter or destroy the glutamic acid before absorption. Each of 
four tobacco plants was fed 2 mg. of pt-glutamic acid in an 
Erlenmeyer flask containing about 5O ml. of an inorganic nutrient 
solution prepared as described by Byerrum and Wing (7). Each 
flask also contained 0.5 mg. of Aureomycin and a commercial 
fungicide’ to inhibit the growth of microorganisms. After 48 
hours, the plants were removed from the flasks and each solution 
was analyzed for glutamic acid by the method of Gordon (8). 
In this procedure, the glutamic acid was oxidized under controlled 
conditions with sodium hypochlorite and the excess hypochlorite 


* The data were taken from a thesis presented by Burton L. 
Lamberts in partial fulfilment of the requirements for the degree 
of Doctor of Philosophy. The work was supported by grants from 
the Atomic Energy Commission and the National Institutes of 
Health. This paper was presented in part at the meeting of the 
American Society of Biological Chemists at Philadelphia, April, 
1958. 

‘A mereury-containing fungicide, Ubavit Neu (Schering- 
Kahibaum, A. G. Berlin). The fungicide was soluble only to the 
extent of about 1 part per million in the nutrient solution. 


was utilized to oxidize a standard quantity of green dye (fast 
green FCF). The spectrophotometric determination of the 
remaining unoxidized dye gave the measure of glutamic acid 
present originally. The results indicated that 95 per cent of 
the glutamic acid had disappeared from the nutrient medium 
of each flask. To eliminate the possibility that destruction of 
the amino acid by root microorganisms had occurred, each of 
four control flasks was inoculated with six root fragments, about 
1 em. in length. After the 48-hour period, essentially no loss 
of glutamic acid from these solutions was observed. Hence, 
the disappearance of glutamic acid from the flasks containing 
the plants appeared to represent absorption of the amino acid by 
the plant roots rather than loss to microorganisms. 


Radioactivity of Nicotine from Plants Fed Glutamic Acid-2-C™ 


pu-Glutamic acid? was fed to a group of tobacco plants under 
conditions previously described (1), except that the plant roots 
were shielded from light during the feeding period since this 
was shown to promote the synthesis of nicotine. Each plant 
received 0.35 mg. of pi-glutamic acid-2-C™, having a radioac- 
tivity of 8 X 10° ¢.p.m. when measured with a Tracerlab propor- 
tional flow counter and a Nuclear-Chicago model 192 X Scaler. 
After 5 days an additional 0.35 mg. of the radioactive glutamic 
acid was administered to each plant; 9 days later the plants 
were harvested, and the nicotine, isolated as the dipicrate (9), 
had a specific activity of 4.4 < 10 ¢.p.m. per mmole. 

Since it was evident that glutamic acid was incorporated into 
the nicotine molecule, glutamic acid-2-C“ was administered to 
about 250 plants in amounts varying from 0.7 to 5.16 mg. per 
plant (ranging from 1.6 < 10* to 1.2 x 10 ¢.p.m. per plant). 
The nicotine was isolated and yielded about 5.0 gm. of radio- 
active nicotine dipicrate which was utilized for the degradation 
studies. 


Degradation of Radioactive Nicotine and Isolation of Carbon from 
Position 2 of Pyrrolidine Ring 
Radioactive nicotine was oxidized to potassium bicarbonate, 
nicotinic acid, and methylamine with neutral potassium per- 
manganate according to the procedure of Laiblin (10). To 
accomplish this degradation, nicotine (0.39 gm.) was recovered 
from 1.5 gm. of nicotine dipicrate by an azeotropic distillation 
with water from an alkaline medium, as has been described by 
Smith (11). The solution of potassium permanganate (prepared 
by dissolving 2.34 gm. of KMnQ, in water and adjusting the 
volume to 80 ml.) was added in 5 ml. aliquots to the nicotine 
in about 250 ml. of water at 3 to 5 minute intervals. The 


* The pt-glutamic acid-2-C was purchased from Tracerlab, 
Inc., Boston, Massachusetts. 
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mixture was heated on a steam bath for 10 hours to complete 
the oxidation. The manganese dioxide was removed by filtra- 
tion and the filtrate evaporated to dryness at about 50° under 
reduced pressure. The residue was dissolved in water, the solu- 
tion acidified with nitric acid, and the liberated carbon dioxide 
conveyed in a stream of nitrogen through a saturated solution 
of barium hydroxide. The barium carbonate was washed with 
water and dried at 110° for 1 hour. The acidified solution was 
neutralized with ammonium hydroxide and evaporated under 
reduced pressure. The residue was dissolved in water and 0.1 
silver nitrate was added to precipitate the silver salt of nicotinic 
acid, which was filtered, washed with water, and decomposed 
with hydrogen sulfide. The resulting silver sulfide was removed 
by filtration and the filtrate was decolorized with charcoal and 
evaporated to dryness under diminished pressure. The residue 
was sublimed at 150° (at about 1 mm.) to yield nicotinic acid 
of m.p. 230% (recorded m.p., 232°). An infrared spectrum of 
authentic nicotinic acid. 

The nicotinic acid (100 mg.) was mixed with an excess of 
calcium oxide and decarboxylated by heating it (12) under an 
into a solution of methanol saturated with picric acid, and the 

CuHsN (308.2) 
Calculated: C 42.86, H 2.62, N 18.18 
Found:* C 42.91, H 2.75, N 18.14 


The residue, containing the carboxyl carbon of the nicotinic acid, 

was acidified and the liberated carbon dioxide was swept in a 

stream of nitrogen into a saturated solution of barium hydroxide. 

The resulting barium carbonate was separated as described 

previously. 

Degradation of Nicotine with Isolation of Carbon from Position 5 
of Pyrrolidine Ring 


Preparation of Cotinine (Compound 1)—A procedure was 
developed for isolating carbon 5 of the pyrrolidine ring of nico- 
tine as shown in Fig. 1. To accomplish the degradation, a 
nonradioactive sample of the alkaloid was first converted to 
cotinine essentially by the method of Pinner (13). According to 
this procedure, 32 ml. of bromine in 80 ml. of 80 per cent acetic 
acid were added, with cooling, to 14 ml. of 95 per cent nicotine 
in 65 ml. of 80 per cent acetic acid. The resulting oily dibromo- 
cotinine perbromide crystallized as vellow-orange needles after 
hot water was added to the mixture. 
covered with 6 s hydrochloric acid. Zine dust was added slowly, 
with cooling, to reduce the perbromide to cotinine. The addi- 
tion of sodium hydroxide precipitated zine hydroxide, which 
was removed by filtration. The filtrate was made strongly 
alkaline with sodium hydroxide and extracted with chloroform. 
Upon evaporation of the chloroform, an oily residue remained 
which was distilled between 170-175° under about 1 mm. 
pressure, yielding 6 to 7 gm. of cotinine as a colorless or pale 
yellow oil. 

2 All melting points were uncorrected. 

* The microanalyses were performed by Spang Microanalytical 
Laboratory, Ann Arbor, Michigan. 
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Preparation of 4-(3'-Pyridyl)-4-Methylaminobutyric Acid (Com. 
pound I1)—A modified method of MeKennis ef al. (14) was 
used for the preparation of 4-(3'-pyridy!)-4-methylaminobutyric 
acid, according to which 2 gm. of cotinine were refluxed with 
10 gm. of Ba(OH),-SH in 10 mil. of water for 12 hours. The 


reduced pressure at 25° After the residue was dissolved in 
ethanol and warmed to 60°, and acetone had been added to 
induce crystallization, the product crystallized as 
needles. The average yield on several trials 
gm. (50 per cent). 


uN (208) 
Calculated: C 90.08, H 7.44, N 13.78 
Found: C #.21,H 751, N 13.82 

C 30, H7A4, N 13.77 


The neutralization equivalent was determined on another sample 
of this material dissolved in 85 per cent ethanol. The sample 
first had been dried for 10 hours over Drierite in a vacuum 
desiccator. This treatment was sufficient to remove the water 
of hydration (14). The theoretical neutralization equivalent 

was 194; found, 195. The crystalline compound (II) became 
of the substituted amino acid reported previously by McKennis 
et al. (15). 

Preparation of 4-(3'-Pyridyl)-4-N -Methylbenzoylaminobutyric 
Acid (Compound I11)—Since 4-(3'-pyridy!)-4-methylamino- 
butyric acid (11) tends to cyclize at pH 7 or below (15), the amino 
group was benzoylated to prevent ring closure by the method 
suggested by Steiger (16) for amino acids. To this end, 600 
mg. of the 4-(3'-pyridyl)-4-methylaminobutyric acid were 
dissolved in 3 ml. of | ~ sodium hydroxide in an 8 inch test tube 
which was placed in an ice bath; 4 ml. of 1 ~ sodium hydroxide 
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sure at 40-50", and the residue was extracted with acetone t 
recover unhydrolyzed cotinine. The residue was suspended 
in 10 to 20 mi. of water and treated repeatedly with carbon 
dioxide until no further precipitate of barium carbonate was 
desiccator at atmospheric pressure for analysis. 
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and O04 mil. of benzoyl chloride were then introduced simul- 
taneously into this solution. These reagents were added drop- 
wixe with vigorous stirring over a period of 15 to 20 minutes. 
The mixture at this stage developed a bright red color. The 
test tube was then shaken in an ice bath until the odor of benzoyl 
chloride had disappeared. During this period (about 2 to 3 
hours) the temperature of the bath was permitted to rise to 
room temperature. The solution was then acidified with | ~ 
hydrochloric acid to pH 3.5 while the tube was cooled in an ice 
bath, and the precipitated benzoic acid was removed by filtra- 
tion and washed with a few mil. of water; the washings were 
added to the filtrate. The filtrate was made alkaline to litmus 
with dilute ammonium hydroxide, concentrated to dryness under 
diminished pressure at 40-50° and extracted with cold n-butanol. 
The butanol extract was evaporated to dryness under reduced 
preeure at 50-60°, the residue was dissolved in methanol, 
and this solution was filtered into a small suction flask containing 
5 to 10 mi. of water. Methanol was removed from the filtrate 
by gentle heating of the filtration flask, and colorless needles 
of acid (III) 
were crystallized. The material was purified by recrystalliza- 
tion from water, and the crystals melted at 170°. The average 
yield of several trials was about 230 mg. (25 per cent). 


20, (298.3) 
Caleulated: C 68.44, H 6.08, N 9.40 
Found: CC 68.42, H 6.09, N 9.38 

C 68.45, H 6.14, N 9.31 


The neutralization equivalent, determined in 85 per cent ethanol, 
was 300. The crystalline material was not hygroscopic and 
gave no color when exposed to vapors of cyanogen bromide. 

Preparation of 4-(3'-Pyridyl)-4-N -Methylbenzoylaminobutyra- 
mide (Compound 1V)—An ethereal solution of diazomethane 
was prepared by adding 400 mg. of nitrosomethylurea to 20 
mil. of 40 per cent potassium hydroxide under a layer of 25 ml. 
of ethyl ether. The yellow ethereal solution of diazomethane 
was decanted and dried over pellets of potassium hydroxide for 
15 to 20 minutes. Then 150 mg. of dry 4-(3’-pyridyl)-4-N- 
methylbenzoylaminobutyrie acid (111) were added in a small 
suction flask and the mixture was stirred with a glass-covered 
magnetic stirring bar until the esterification reaction had been 
completed, as was ascertained by solution of the crystalline 
material. This reaction was accompanied by evolution of 
nitrogen and usually required 6 to 10 hours. Occasionally, it 
was necessary to prepare and add more of the diazomethane 
solution to the reaction mixture. After the esterification had 
been completed, the solution was warmed and the diazomethane 
and ether were evaporated at room temperature in a stream of air. 
The residue, a pale yellowish semisolid material, was dissolved 
in about 25 ml. of methanol which had been saturated with am- 
monia at 0°. The stoppered flask was permitted to stand, with 
occasional shaking, for about 100 hours at room temperature. 
The methanol was then removed under reduced pressure at 


 30-40°. The residue was dissolved in about 5 ml. of chloroform 


and treated with charcoal. The filtrate from this treatment 
was heated and dry ether was added until incipient precipitation 


had begun. The product crystallized as colorless plates which 
- melted at 141-142°. The material gave a positive ferric hy- 
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droxamate test for primary amides. The average yield of 
several trials was about 130 mg. (approximately 85 per cent). 


(297.4) 
Caleulated: C 68.65, H 6.45, N 14.13 
Found: C 68.72, H 6.47, N 14.23 

C 68.80, H 6.53, N 14.09 


Decarborylation of 4-(3'-Pyridyl)-4-N -Methylbenzoylaminobut- 
yramide (1 V)—150 mg. of the 4-(3’-pyridyl)-4-N-methylbenzoy1- 
aminobutyramide (IV) were introduced into a 100 ml., three- 
necked conical flask which was part of a glass assembly used 
for decarboxylation. The crystalline material was dissolved in a 
solution of sodium hypobromite which had been prepared by 
dissolving 0.02 to 0.03 ml. of bromine in 12 ml. of 0.25 ~ car- 
bonate-free sodium hydroxide. A stream of nitrogen was passed 
through the assembly into a saturated solution of barium hydrox- 
ide. The reaction mixture was warmed to 70-80° and main- 
tained in this temperature range for 15 to 20 minutes. After 
the apparatus had been permitted to cool, the solution was 
acidified by the addition of 3 ml. of 1 ~ hydrochloric acid. The 
liberated carbon dioxide was swept into the barium hydroxide 
solution and the barium carbonate was removed by filtration, 
washed with 2 to 3 ml. of water, and dried in a vacuum over 
Drierite. The average yield in several trials was about 50 mg. 
(50 per cent). 

Preparation of Thiourea Derivative of 3-(3'-Pyridyl)-3-N- 
Methylbenzoylaminopropylamine (V)—The acidified reaction 
mixture, remaining after the decarboxylation of 4-(3’-pyridyl)- 
4-N-methylbenzoylaminobutyramide (IV), was made alkaline to 
litmus with | ~ sodium hydroxide and extracted with chloro- 
form. The chloroform was removed under reduced pressure and 
the residue was dissolved in about 3 ml. of methanol. Phenyl- 
isothiocyanate (0.06 ml.) was added and the solution was re- 
fluxed for 10 minutes. Upon addition of water dropwise to 
the hot solution, shiny colorless plates began to appear. After 
the solution had cooled the precipitate was collected, recrystal- 
lized from methanol and water, and dried in a vacuum over 
Drierite (m.p., 196-198°). The yield was about 75 mg. (ap- 
proximately 40 per cent). 

A qualitative test indicated that sulfur was present in the 
crystalline material. 

CuHuNOS (404.5) 
Caleulated: C 68.29, H 5.98, N 13.85 


Found: C 68.42, H 6.08, N 13.97 


Degradation of Nicotine Isolated from 
Plants Fed Glutamic Acid-2-C™ 

For purposes of degradation, the radioactive nicotine dipicrate 
(3.8 gm.), obtained as described above, was diluted with 10.2 
gm. of nonradioactive recrystallized nicotine dipicrate, and 
the radioactive disintegration of samples of the thoroughly 
ground and mixed material was counted. The nicotine was 
then recovered as the hydrochloride, as already described, 
and the hydrochloride was dissolved in 80 per cent acetic acid. 
2 gm. of cotinine and 0.465 gm. of 4-(3’-pyridyl)-4-methylamino- 
butyric acid (II) were prepared as already described. Benzoyla- 
tion of 0.450 gm. of this substance and recrystallization of the 
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product yielded 0.163 gm. of 4-(3’-pyridyl)-4-N-methylbenzoy]- 
aminobutyric acid (III) which melted at 169-170°. Esteri- 
fication of this compound with diazomethane and i 
of the ester with ammonia in methanol yielded 0.142 gm. of 
4-(3’-pyridyl)-4-N-methylbenzoylaminobutyramide (IV), which 
melted at 141-142°. Decarboxylation of this amide yielded 
0.056 gm. of barium carbonate. The thiourea derivative of 
(V) was 
also prepared. The recrystallized product (0.078 gm.) melted 
at 197-198°. Samples of each intermediate of the degradation 
were plated and counted. 


The results of the degradation of nicotine, from plants fed 
glutamic acid-2-C™, with isolation of carbon 2 of the pyrrolidine 
ring, areshown in Table I. Through cleavage of the pyrrolidine 
ring, the carbon atom from position 2 of the ring was converted 
to the carboxyl carbon of potassium nicotinate, and the carbon 
atoms from positions 3, 4, and 5 were oxidized to potassium 


bicarbonate. For counting purposes, the carbon atoms from. 


positions 3, 4, and 5 were isolated as barium carbonate after 
the potassium bicarbonate was decomposed by acid. This 
barium carbonate (Line 2) possessed approximately half of 
the radioactivity found originally in the nicotine. Approxi- 
mately the same radioactivity was found in the nicotinic acid 
(Line 3). The decarboxylation indicated that about 90 per 
cent of the radioactivity of the nicotinic acid was in the carboxy] 
carbon (Line 4), which was originally the carbon at position 2 
of the pyrrolidine ring of nicotine. The pyridine ring (Line 5) 


plants fed ornithine-2-C" (1, 2) have led to the postulation of a 
symmetrical intermediate along the route of biogenesis of the 
pyrrolidine ring. If the pyrrolidine ring were formed from glu- 
tamic acid by way of a symmetrical intermediate, without cleav- 
age of the aminoacid carbon chain, the radioactivity would prob- 
ably be distributed equally between positions 2 and 5 of the ring. 
The second degradation was carried out in an attempt to isolate 
both the carbon atom from position 5 of the pyrrolidine ring and 
also the intact residual carbon skeleton of the nicotine molecule. 
The data obtained from examination of the intermediates and 
products of the degradation to isolate the carbon 5 of the pyr- 
rolidine ring are presented in Table II. 

The specific activities of the intermediates in the degradation 


Tassie I 


Isolation of carbon 2 of pyrrolidine ring of nicotine after 
administration of glutamic acid-2-C" to tobacco plants 


Maxima! 
Compound 
/amele xX iow 

2. Barium carbonate (carbons 3,4, and 5 of pyr 

1.1 

4. Barium carbonate (carbon 2 of pyrrolidine 


* All counts were corrected for self-absorption. 
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Tasie Il 
Isolation of carbon & of pyrrolidine ring of nicotine after 
administration of glutamic acid-2-C"* to tobacco plants 


Compound 
/amele xX 

2. 4-(3’- pyridy!)-4-methylaminobutyric acid... 6.4 
3. 4-(3’-pyridyl)-4-N 

tyric acid... 6.3 
4. 

tyramide 6.4 


6. Thiourea derivative of 3-(3’- pyridyl) 3.N- 
2.9 


* All counts were corrected for self-absorption. 


(Lines 2, 3, and 4) are approximately equal to the specific ac- 
tivity of the nicotine dipicrate. Hence, essentially all of the 
original radioactivity was present in the amide (Line 4). Upon 
decarboxylation of the amide, | carbon atom was separated from 
the molecule and was isolated as barium carbonate. This 
carbon atom, which was originally at position 5 of the pyrrolidine 
ring of the nicotine, contained approximately half of the racdio- 
activity of the amide (Line 5). The thiourea derivative of the 
amine (Line 6), containing the residual carbon atoms of the amide 
molecule, possessed a specific activity approximately equal to 
that of the barium carbonate. From the data in Table | it 
is evident that the greater part of the radioactivity in the amine 
derivative is associated with the carbon atom which joins the 
the carbon originally from 
position 2 of the pyrrolidine ring) 
Several possible symmetrical intermediates have been sug- 
the incorporation of ornithine-2-C™ into the pyrrolidine ring of 
nicotine. The results of the present study 
acid is also incorporated into the pyrrolidine ring by way 
one or more biosynthetic pathways which involve mane Ae 
intermediates. The nature of these intermediates and their 
relative significance in the biosynthesis of nicotine are at the 
present time a matter of conjecture. Glutamic acid, proline, 
and ornithine appear to be interconvertible in animal systems 
(3) and in microorganisms (4) by way of glutamic-y-semialdehyde 
and A'-pyrroline-5-carboxylic acid. If A'-pyrroline-5-carboxylie 
acid exists in the metabolism of the tobacco plant, the symmetri- 
cal compounds pyrroline or pyrrolidine may conceivably be 
formed from it. Succinice acid, arising from glutamic acid by 
way of the tricarboxylic acid cycle, has also been suggested (17). 
However, as will be discussed, ornithine was incorporated into 
nicotine to a greater extent than was glutamic acid when the 


two were fed under similar experimental conditions. Hence, - 


it does not seem likely that succinic acid is an important inter- 
mediate in the biosynthesis of nicotine since the main route of 
succinic acid synthesis from ornithine would probably be by 
way of glutamic acid. 

In the present work, glutamic acid-2-C™ was administered to 
tobacco plants under the same conditions employed in a previous | 
study by Dewey ef al. (1) with ornithine-2-C™. The incorpora- | 
tion of radioactivity into nicotine after administering glutamic 
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acid-2-C™ was about | to 2 per cent of that found after feeding 
ornithine-2-C“. The comparatively low level of incorporation 
of the glutamic acid-2-C™ was probably due in part to the effects 
of dilution, since there is a relatively large reservoir of free glu- 
tamic acid in the tobacco plant compared to the reservoirs of free 
ornithine or proline. Commoner and Varda (18) and Roberts 
and Wood (19) have investigated free amino acids in tobacco 
leaves. Glutamic acid was detected in larger quantities than 
was proline, whereas no ornithine and only traces of arginine 
were reported. Furthermore, since glutamic acid is a very active 
metabolic intermediate in the synthesis of protein, glutamine, 
or carbohydrate, the rate of turnover of C™ in the free amino 
acid reservoir was probably rapid compared to the rate of nicotine 
synthesis. 
SUMMARY 


1. Nicotiana rustica plants that had been fed glutamic acid- 
2-C" synthesized radioactive nicotine. 

2. A degradation of the radioactive nicotine, which permitted 
isolation of carbon 2 of the pyrrolidine ring, demonstrated that 
this carbon atom contained about 45 per cent of the original 
radioactivity of the nicotine. The pyridine ring was shown to 
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contain about 10 per cent and carbons 3, 4, or 5 of the pyrrolidine 
ring contained the remaining 45 per cent of the original radio- 
activity of the nicotine. 

3. A procedure was developed for the degradation of the 
nicotine molecule, employing well established reactions, which 
permitted isolation of the carbon atom from position 5 of the 
pyrrolidine ring. The residual carbon skeleton of the molecule 
was recovered as a derivative of a substituted aliphatic primary 
amine. The intermediates produced at each step of this deg- 

4. Radioactive nicotine, obtained from plants fed glutamic 
acid-2-C™, was degraded by this procedure. Half of the C™“ 
of the nicotine was associated with carbon 5 of the pyrrolidine 
ring. The remaining radioactivity was shown to be present in 
the amine derivative and, from the previous degradation, was 
known to be located primarily in the carbon which was originally 
at position 2 of the pyrrolidine ring of nicotine. 

5. The pattern of labeling of nicotine from plants administered 
glutamic acid-2-C“ supports the postulation of a symmetrical 
intermediate along the pathway of incorporation of the amino 
acid into the pyrrolidine ring. 
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Previous investigations have shown that the incorporation in 
vitro of formate, formaldehyde, or the beta carbon of serine 
into thymine compounds of normal lymphatic tissues and tumors 
is greatly increased when deoxycytidine, deoxyuridine, or 
cytidine are added to the incubation medium (1, 2). The 
present study demonstrates that in the above tissues (a) methyl 
cytosine deoxyribonucleoside is not an obligatory intermediate 
in the conversion of deoxycytidine to thymidine, and (6) the 
methy! group of methionine may function to a limited degree as 
a thymine precursor. The conversion of methionine-C“H, to 
thymine compounds is inhibited by anaerobic conditions or the 
presence of nonlabeled formaldehyde, suggesting that the 
methionine methyl group is oxidized before transfer to the 
thymidine precursor. 


Cell suspensions were prepared from lymphosarcoma 6C3HED, 
lymphatic leukemia LL5147, ascites tumor, E9514A, and from 
normal mouse spleen, rat thymus, or rabbit appendix, as pre- 
viously described (1, 3). The cell suspensions were sedimented 
by centrifugation at 4° in a clinical centrifuge and the super- 
natant fluid was discarded. The cells were then resuspended in 
2 volumes of modified Krebs-Ringer solution containing 0.01 
phosphate and 0.028 ™ bicarbonate buffer (3) and incubated for 
3 hours in Warburg vessels which also contained 30 ymoles of 
glucose, 2.5 wmoles of glutamine, deoxyuridine or deoxycytidine, 
either radioactive methionine-methyl-C", formaldehyde-C", or 
formate-C™, and buffer solution to bring the total volume to 
2.45 ml. .-methionine-C"H, was purchased from Volk Radio- 
chemical Company, formate-C™ from Nuclear Chemical Corpora- 
tion, and formaldehyde-C™ from Isotope Specialties, Inc. In- 
hibitors or other additions are indicated in the tables. 

Manometric measurements were carried out by conventional 
techniques. In anaerobic experiments, commercial 95 per cent 
N--5 per cent CO, gas was passed through heated copper filings 
in order to remove traces of oxygen. At the end of the incuba- 
tion period, the contents of the Warburg vessels were decanted 
into centrifuge tubes containing an equal volume of ethanol (1). 
The vessels were rinsed with | ml. of ethanol, and formaldehyde 
or formate and carrier thymine, thymidine, and thymidylate 
were added to each flask. The proteins were coagulated by 
heating at 75° for 5 minutes. The tubes were centrifuged and 
the supernatant fraction was collected. The precipitate was 


* Aided in part by grants from the Leukemia Society Incorpo- 
rated and the American Cancer Society. 


washed with 50 per cent ethanol and the wash was combined 
with the previous supernatant solution (supernatant fraction). 

Supernatant Fraction—The supernatant fraction was passed 
through a short Dowex 50-H* exchange resin in order to remove 
amino acids and inorganic cations. This purification step was 
particularly important when methionine-C“H, was the sub- 
strate. Eluate and washings from the resin were lyophilized to 
dryness under reduced pressure. The residue was dissolved in a 
known volume of water, and aliquots were subjected to two- 
dimensional paper chromatography. The ultraviolet-absorbing 
spots were detected with the aid of a Mineralite lamp, and the 
free thymine, thymidine, and thymidylate were cut from the 
paper and eluted with water into stainless steel planchets. 
Samples were dried and assayed for radioactivity by means of a 
Tracerlab gas flow counter and superscaler. 

Nucleic Acid Fraction—Lipides were extracted from the 
original precipitate, and the nucleoprotein was suspended in 0.1 
ml. of 70 per cent perchloric acid and heated for 1 hour at 95°. 
To the hydrolysate, 0.5 ml. of water was added, and any in- 
soluble material was sedimented by centrifugation. Quadrupli- 
cate aliquots were then subjected to chromatographic purifica- 
tion in two solvent systems (1). The total radioactivity was 
determined as above. After eluting the bases from the paper 
with 5 ml. of 0.1 ~ HCl, the thymine and the purine concentra- 
tions were measured using a Beckman model DK2 spectro- 
photometer. The optical density of the sample was recorded 
between 300 mg and 240 my. The shape of the curves corre- 
sponded to the purine and pyrimidine standards. Specific 
activity (counts per minute per ymole) of the DNA' bases was 
then calculated (1)). 


RESULTS AND DISCUSSION 


Methyl Cytosine Deoryribonucleoside and Labeling of Thymine 
Com pounds—Methy! cytosine occurs in the DNA of animal and 
plant tissues and hydroxymethyl! cytosine is a component of the 
DNA of phage (4, 5). Phage-infected Escherichia coli contain 
the necessary enzymes for the synthesis of 5-hydroxymethyl- 
deoxycytidylic acid (6). In the presence of deoxycytidine, the 
conversion of C™-formate to DNA-methy! cytosine of thymus 
and tumor cell suspensions is increased (1). These facts sug- 
gested that two alternative pathways of thymidine synthesis 
from deoxycytidine (or its phosphate derivatives) might exist: 
(a) a pathway involving the conversion of deoxycytidine to 
methyl cytosine deoxyribonucleoside, and the deamination of 


' The abbreviation used is: DNA, deoxyribonucleic acid. 
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methyl cytosine deoxyribonucleoside to thymidine (7), and (6) 
the deamination of deoxycytidine to deoxyuridine and the 
conversion of the latter compound to thymidine (8-10). Con- 
vincing evidence has already appeared for the latter pathway 
based on experiments with intact rodents (10, 11), intact cell 
suspensions, (9), and on enzyme studies (12-14). 

In order to evaluate the first pathway, the conversion of 
radioactive formate or formaldehyde to thymine compounds 
was studied in the presence of added methyl cytosine deoxy- 
ribonucleoside (Table I). At low concentrations, the presence 
of methyl cytosine deoxyribonucleoside had no effect on the 
labeling of thymine compounds or nucleic acid adenine; at 
higher concentrations, the labeling of nucleic acid thymine and 
adenine were both inhibited, but the total radioactivity of the 
acid-soluble thymine compounds was somewhat increased. It 
is known that methyl cytosine deoxyribonucleoside can be 
deaminated to thymidine by bacteria (7). It seems possible 
that some deamination occurred in the animal tissues and that 


Taste I 
Influence of methyl cytosine deozyribonucleoside on incorporation 
of H,C™O into thymine compounds® 
| | Nucleic soluble 
Tisewe Addition —|— | 
Thy. | Thy. 
| mine | nine wine 
| (pm | total ¢. p.m. 
Thymus Control 5080, 2870 1440 | 7680 2230 
(rat) | 2.0 3030 980 2180 12300 2930 
| 
LL5M7§ Control 2200 «1110 2290 10600 670 
MC 2.0 750 310 2310 _ 740 
6C3HED | Control 7651070, 3660 
MC 2.0 M70 460 | $80, 3780 
Deoxyuridine | 2.0 6800 1930 | 2880 
MC + deoxy- 2.0 3040 2620 10100 5720 
uridine | 
MC + deoxy- 2.0 S870 22%) 13 3230 
cytidine | 
Deoxyeyti- 2.0 S850 3230 4240 
dine | | 
ES514A*°* Control 9000. 25 M600 3m) 
MC 0.2 9740 23600 1150 «62170 
MC 0.6 S030 29800 960 3290 320 
MC 1.0 10700 25400 1250 3430 300 
Mc 1.4 9100 29300 900 2520 220 


glucose, 2.5 ymoles of glutamine, 5 smoles of deoxyeytidine, 5 
emoles of deoxyuridine, and 1 smole (2 ge.) of HyC™). 

t The endogenous pools of thymine compounds are exceedingly 
small in these tissues. Nonlabeled compounds were added to 
facilitate the detection of radioactive thymine, thymidine and 
thymidylate. Therefore, the incorporation is expressed as total 
counts per minute rather than «specific activity. 

t Methyl cytosine deoxyribonucleoside. 

§ 1 umole of deoxycytidine was present in each flask. 

Formate-C™, 0.7 smoles (3.3 pe.) per flask was used as sub- 
strate. 

** Formaldehyde was used as substrate (1.25 sc., 0.31 smoles), 


and 2.5 pmoles of deoxycytidine were used per flask. 


S. Kit, C. Beck, O. L. Graham, and A. Gross 


the nonlabeled thymidine thus formed diluted the thymidine 
precursor pool, thereby reducing the labeling of DNA-thymine. 
However, since the labeling of DNA-adenine was also reduced, 
the higher concentrations of methyl cytosine deoxyribonucleo- 
side (2.04 mm) may have exerted a toxic effect on DNA synthesis. 
No radioactivity was “trapped” in free methyl cytosine deoxy- 
ribonucleoside nor in phosphodeoxyribosy! methyl cytosine. 
These results indicate that a methyl! cytosine deoxyribonucleo- 
side pathway is not the major pathway of thymidine synthesis in 
these tissues. 

Dihydrouracil Deoryribonucleoside and Thymine Synthesis— 
Although the labeling of thymine compounds is increased in the 
presence of deoxyuridine, the hypothetical intermediate, di- 
hydrouracil deoxyribonucleoside has little or no effect on the 
uptake of formaldehyde-C™ (Table II). This observation is in 
agreement with the conclusions of Cohen et al. (5) that the 
hydroxymethylation of deoxyuridine precedes rather than 
follows the reduction step in thymidine synthesis. The latter 
investigators have shown that dihydrouracil deoxyribonucleo- 
side does not replace the uracil or thymine requirements of 
auxotropic E. coli strains, nor are these compounds metabolized 
to bacterial thymine. 

Conversion of Methionine-C“H , to Thymidine— Mouse ascites 
tumor cells effect a limited conversion in rivo of methionine- 
CH, to deoxyribonucleic acid thymine and adenine (Table III). 


Taste Il 


Dihydrouracil deoryribonucleoside and the incorporation of 
HCO into thymine compounds by ascites tumor, E9514A 


Nucleic acid | Acid-soluble 
| | | | 
total ¢. p.m. 
Deoxyuridine* +50 24000 3000) 9180) 
Dihydrouracil deox-— | | | 
yribonucleoside®..§ HOO 2100 1370 2160 600 


* 5 wmoles of dihvdrouracil deoxyribonucleoside or 5 wmoles of 
deoxyuridine were used per flask and 1 wmole (2 we.) of H.C’). 
The total flask volume was 2.45 ml. 


Taste Ill 
Conversion in vivo of methionine-C“H, to DNA by ascites tumors 
Animals were sacrificed 2 hours after the intraperitoneal in- 
jection of 2.25 pe. (0.62 smoles) of methionine-C"H,;. Ribonu- 
cleic acid was extracted from the nucleoprotein fraction with 
1 s KOH before the DNA-protein was hydrolyzed with concen- 
trated perchloric acid. 


Tiseue | Thymine Adenine 
‘pm 
E9S514A | 152 33 
6C3HED-SO 440 
Lettre SOA 66 
Ehrlich 57 


945 
| 
* Flasks unless otherwise indicated eontalned smoles of 


This conversion has previously been demonstrated in the intact 
rat (15) but apparently does not take place in EZ. coli (16). 

The transfer of the methyl group of methionine to thymine 
could theoretically be the result of: (a) a transmethylation 
reaction, or (6) the hydroxymethylation of a thymine precursor 
subsequent to the oxidation of the methionine methyl group 
(15, 16). It was of interest to investigate these possibilities 
since Alexander ef al. (17, 18) have recently shown that the 
methyl group of methionine can be transferred by transmethyla- 
tion to form a carbon-carbon bond in sterol synthesis. 

Normal or malignant lymphatic cell suspensions were in- 
cubated in vitro with methionine-C"H,;. Radioactivity was 
observed in DNA-adenine, -guanine, and -thymine and in the 
acid-soluble thymine compounds (Tables IV-VI). If the cells 
were inactivated by the addition of trichloroacetic acid at the 
start of the incubation, little radioactivity was found in thymine 
compounds. As a further control, E9514A-tumor cells were 
incubated in the presence of nonradioactive thymidine (Table 
IV, Experiment 3). As expected, the conversion of methio- 
nine-C“H, to DNA-thymine was greatly reduced. 

Anaerobic conditions greatly inhibit the utilization of methi- 
onine-C“H, for purine or thymine synthesis. In marked 
contradistinction to this, the incorporation of formaldehyde-C™ 
or formate-C™ into the acid-soluble thymine compounds was 
increased (Tables V-VI). It is to be emphasized that one of 
the terminal steps in thymidine synthesis is a reductive step. 


Tasie IV 
Incorporation of methionine-C'H, into thymine compounds* 
Nucleic acid | Acid soluble 
iment Tissue Condition | 
mie | Sie |e | ine 
cpm. total opm 
1 | Appendix Control 470 | Lost) 3960 
(rab- HCO 13 21) «13 110 1340, 1170 
bit) Amino- 340 100 32-490 | 2560 4870 
| | 
6 9 590 650 
Zero time 12 3 0° 
inacti- | 
vated | 
2 | Spleen | Control | 760 | 1020, 200 | 1120 120 
H.CO 110 140) 400 80 
Amino- 520 «350 160) 7400 
pterin | | 
110 | | 
Zero time 280 70 6360) 
inactiva- 
ted 
3 | E9514A | Control 820 329 25 1065 
Amino- 341 150 80 
pterin 
Plus thy- 222 213 585 | 1210 105 
| midine | 


* 1 mg. of formaldehyde or 55 yg. of Aminopterin were added 
to the indicated flasks. The flasks aleo contained 30 ymoles of 
glucose, 2.5 wmoles of glutamine, 2.5 wmoles of deoxycytidine, 
3.2 smoles (2.5 gc.) methionine-C"H,. The total fluid volume 
was 2.45 ml., and incubation time was 3 hours. 


Synthesis of Thymine Compounds 


The time was 60 minutes. 5 smoles of nonlabeled methionine 
or formaldehyde were added to the indicated flasks. 1.25 se. 
(1.16 smoles) of .-methionine-C"H, and 1 yc. (0.5 smoles) of 
were used. 


Nucleic acid 
pmole total ¢.9.=. 
Methio- O; | None 110) 20 | 7440) 
nine- O; | 4 | 0| 460, 1470) @ 
N; | None | 0 650 2180 10 
O: | None 3080 4830 ©5520 | 2020 | 170 
| Methio- 3060 5080 510 | 1960 | 170 
nine- | 
C"H, | 
| None 2700) 200 1900 3870 450 
Taste VI 


Anaerobic versus acrobic incorporation of methionine-C'll, or 
Jormate-C™ into thymine compounds 

3.2 wmoles (2.5 ye.) of methionine-C"H, and 0.7 smoles 33 

pe.) of formate-C™ were added to a total fluid volume of 2.45 ml. 

The time of incubation was 3 hours. 


Acid soluble 
Tissue Substrate Atmosphere 
| Thymine | Thymidine 
6C3HED Methionine Os | 3650) 18900 aN) 
| Ne | 200 3200 | 130 
Formate Of 2800 
N, 364657300 
E9514A Formate oO, | 
N> | | 
Thymus | Methionine 0, 20 | 130 
(rat) N> Isp 400 
| 
Formate 410 1560 


| Be s70 


Thymine plus thymidine esunted segether. | 


Inhibition of methionine-C™H, but increase of the conversion of 
formaldehyde-C™ to acid soluble thymine compounds takes 


place whether the incubation time ix 3 hours (Tables IV, V1) or — 


1 hour (Table V). Since glveolysi« was observed to be very 
active in the tumor cells (Qe8, = 35), it seems unlikely that 
the reduction in incorporation of the methionine-C™H, anaerobi- 
cally was due to the failure to activate methionine. A more 
plausible explanation would be that the methionine methyl group 
must be oxidized before transfer to the pyrimidine, thus pro- 
viding confirmation of the earlier conclusions of Herrmann et al. 
(15). This interpretation is supported by the fact that non- 
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Anacrobic versus acrobic incorporation of methionine-C"“H], o 
Sormaldehyde-C** snto thymine compounds 
of lymphosarcoma 6CSHED 
| 
| 
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labeled formaldehyde inhibits the labeling of the thymine 
compounds (Tables IV, V). However, nonlabeled methionine 
does not significantly alter the utilization of formaldehyde-C™. 
Moreover, with methionine-C“H, as substrate, low levels of 
radionctivity were found in nucleic acid adenine or guanine and 
some radioactivity could be detected in acid-soluble serine. It 
is known that folic acid derivatives are intermediates in the 
conversion of l-carbon compounds to the methyl group of 
thymine. As observed by others (2, 9, 19), Aminopterin 
(Lederle) at low concentrations markedly reduced the con- 
version of formate-C™ to thymine compounds and to DNA- 
adenine and -guanine. Some inhibition by Aminopterin was 
also observed when methionine-C“H, was the substrate (Table 
IV). However, the inhibition was far less pronounced than with 
formate as substrate. The reason for this difference is not 
immediately apparent. The over-all experimental results do, 
however, suggest that the methyl group of methionine may 
serve to a minor extent as a precursor of the l-carbon compound 
pool in lymphatic tissues and tumors. 


S. Kit, C. Beck, O. L. Graham, and A. Gross 


The conversion of methionine-C“H,, formaldehyde-C™, and 
formate-C" to deoxyribonucleic acid thymine, adenine, and 
guanine and to acid-soluble thymine compounds by normal and 
malignant lymphatic tissues was studied. The addition of 
dihydrouracil deoxyribonucleoside or methyleytosine deoxy- 
ribonucleoside did not reduce the conversion of formaldehyde-C™ 
to acid-soluble thymine compounds. No radioactivity was 
found in methyleytosine deoxyribonucleoside or in the deoxy- 
ribonucleotide. 

The conversion of methionine-C"H, to thymine compounds 
and deoxyribonucleic acid adenine or guanine was reduced under 
anaerobic conditions or when unlabeled formaldehyde was 
added. Some reduction of labeling was also noted in the pres- 
ence of Aminopterin. However, the conversion of formal- 
dehyde-C™ to thymine compounds was increased under anaerobic 
conditions, and unlabeled methionine had no effect on the con- 
version. 
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Phosphorus Compounds in Animal Tissues 


VI. DEOXYCYTIDINE DIPHOSPHATE CHOLINE AND DEOXYCYTIDINE DIPHOSPHATE 
ETHANOLAMINE IN THE NOVIKOFF HEPATOMA 


Water C. Scunemper JEAN RotTuernam 


From the National Cancer Institute, National Institutes of Health, Department of Health, Education, and Welfare, 
Bethesda, Maryland 


(Received for publication, June 6, 1958) 


Although the occurrence of deoxyribosyl compounds in cold 
acid extracts of tissues is now well established (1-6), the nature 
of these compounds appears to be markedly different in various 
tissues. Previous work in this laboratory has established that 
deoxycytidine was the major deoxyribosyl component of normal 
liver and blood extracts (1, 2), whereas in the Novikoff hepatoma 
(2) thymidine, deoxyuridine, and high concentrations of deoxy- 
nucleotides were present in addition to deoxycytidine. Since 
large amounts of deoxynucleotides were also observed in the 
liver shortly after partial hepatectomy and in other growing 
tissues (3, 7), it was the object of the present investigation to 
isolate and identify the deoxynucleotide components. Potter 
et al. (5, 6) have already reported the isolation of the 5’-mono-, 
di-, and triphosphates of thymidine and deoxycytidine from 
thymus extracts, and LePage (4) has isolated deoxyadenosine 
triphosphate from extracts of the Flexner-Jobling carcinoma. 

In the present paper, the isolation of two deoxynucleotides 
from extracts of the Novikoff hepatoma (8) is described, and 
evidence for their identification as dCDP-C' and dCDP-E 
is presented. The presence in rat liver extracts of the ribosyl 
analogues of these compounds has been reported by Kennedy 
and Weiss (9). While the present work was in progress, pre- 
liminary reports appeared by Potter and Buettner-Janusch? (10) 
and by Sugino (11) announcing the isolation of dCDP-E from 
thymus and of dCDP-C from sea urchin eggs. 


EXPERIMENTAL 

Tissue Extracts—The Novikoff hepatoma (8) was maintained 
by intraperitoneal inoculation into male Holtzman rats. The 
solid growths that were attached to mesenteries and viscera 
were removed under ether anesthesia 5 to 6 days after inoculation 
and were frozen immediately in liquid nitrogen. The pooled 
frozen tumors from 100 rats (200 to 250 gm. of tissue) were 
homogenized within 24 hours with 2 volumes of cold 12 per cent 
trichloroacetic acid in the Waring Blendor and stirred until 
the temperature of the suspension rose to 0°. The mixture was 
then centrifuged for 30 minutes at 4500 r.p.m. and 2°. The 
sediment was rehomogenized with 2 volumes of 4 per cent tri- 


1The abbreviations used are: dCMP, 5’-deoxycytidylate; 
dCDP-E, deoxycytidine-5’-pyrophosphoryl-ethanolamine = de- 
oxycytidine diphosphate ethanolamine; dCDP-C, deoxycytidine- 
5’-pyrophosphoryl-choline = deoxycytidine diphosphate choline; 
PE, phosphorylethanolamine; PC, phosphorylcholine. 

? Dr. R. L. Potter, personal communication. 


chloroacetic acid and recentrifuged. The combined supernatant 
fluids were extracted four times with an equal volume of ether 
to remove the trichloroacetic acid and were then neutralized with 
ammonia to pH 7.4. Dissolved ether was removed at 2° under 
reduced pressure with the use of a rotating evaporator. 

Column Chromatography—The hepatoma extract was passed 
through a 25 XK 2 cm. column of Dowex |-formate, prepared as 
described by Hurlbert et al. (12), to adsorb the nucleotides. The 
column was then washed with water until the optical density 
at 260 my of the effluent was less than 0.1. The effluent to this 
point was combined in a single fraction and considered to rep- 
resent the nucleoside fraction (13). The adsorbed nucleotides 
were separated by gradient elution of the column with formic 
acid and formic acid-ammonium formate mixtures (12). The 
entire chromatographic separation was performed in the cold 
room at 2-4°. Solvents were removed from the fractions by 
evaporation at 2° and reduced pressure with the use of a rotating 
evaporator (1), and ammonium formate was removed by sub- 
limation in a vacuum at room temperature. 

Determination of Deoryribosyl Compounds—The tissue extract 
and the chromatographic fractions were assayed directly with 
the organism, Lactobacillus acidophilus R-26 (ATCC 11506), 
thymidine being used as a standard according to the modified 
method of Hoff-Jorgensen (14). The amount of growth ob- 
served in these assays was a measure of the deoxynucleoside and 
5’-deoxynucleotide content since the organism grows equally 
well when supplied with equimolar amounts of any of these 
compounds (14, 1, 15). The data in Table I show that two 
3’-deoxynucleotides and two dideoxynucleotides can also satisfy 
the growth requirement of this organism, and therefore the pos- 
sibility must be considered that these compounds were among 
those measured upon direct assay. 

Previous work had established that L. acidophilus R-26 could 
not utilize for growth the 5’-di- or triphosphates of deoxycytidine 
or thymidine or 3’ ,5’-thymidine diphosphate (15). Aliquots 
of the extract and the various fractions were therefore treated 
with a crude intestinal phosphatase preparation,’ as described 
previously (7), in order to convert these compounds to a form in 
which the organism could use them. The difference between 
the microbiological activity of a fraction upon direct assay and 
after digestion with phosphatase was a measure of the masked 
or digestible deoxynucleotides. 


* We are greatly indebted to Dr. Leon Heppel and Dr. Russell 
J. Hilmoe for a supply of this enzyme (7). 
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No. 17 filter paper provided with a Whatman No. | skirt was 


| gsed. The final chromatograms were run on Whatman No. 1 


or 40 paper. The following solvents were used: (1) isopropanol- 
water, 70:30 (volume for volume), ammonia atmosphere (16); 
(Il) isobutyrie acid-ammonium hydroxide-water, 66:1:33 
(volume for volume) (17); (111) ethanol-water, 60 per cent, 
containing 0.02 N acetic acid (18); (IV) isopropanol-water, 80:20 
(volume for volume); (V) butanol-ethanol-water, 40:10:50, 
upper layer (19). Electrophoresis was carried out on What- 
man No. 3 MM paper in the Spinco model R electrophoresis cell. 

Compounds and Other Materiala Used—The following com- 
pounds were used in this work: (CMP, PE, PC, and deoxycyti- 
dine (California Foundation for Biochemical Research); thy- 
midine and dicyclohexylearbodiimide (Schwartz Laboratories) ; 
and Darco G-60 (Atlas Powder Company). Phosphodiesterase 
was prepared from the venom of Crotalus adamanteus by frac- 
tionation with acetone (30). 

Chemical and Other Methoda—\norganic phosphorus was deter- 
mined by the method of Soyenkoff (21). Total phosphorus 
was determined by the same procedure after digestion with sul- 
as described by Moore and Stein (22). Nitrogen was deter- 
mined by nesslerization after sulfuric acid digestion (23). Etha- 
nolamine was determined as the dinitropheny! derivative (24) 
and choline as the enneaiodide (25). The ninhydrin reaction 
on paper chromatograms was carried out by spraying with a 0.1 
per cent solution of ninhydrin in acetone-isopropanol (90:10, 
volume for volume) and heating the papers at 85° for 5 minutes 
to develop the color. Paper chromatograms were placed in a 
desiccator with iodine in order to determine the approximate 
position of PC. The exact position was obtained by elution 
aml determination of organic phosphorus. The position of 
nucleotides on paper chromatograms was determined under 
ultraviolet light (Mineralite SV-41). Spectrophotometric meas- 
urements were made in | em. cuvettes in the Beckman model 
DU spectrophotometer. Calculations of deoxycytidine content 
were made from the optical density at 280 my in 0.01 ~ HCl, 
with 13,200 as the molar extinction coefficient (26). 

Synthesis of dCDP-E and dCDP-C—These compounds were 
prepared from dCMP and PE or PC with dicyclohexylearbodi- 
imide (20) as the condensing reagent, as described by Kennedy 
(18) for the preparation of cytidine diphosphate choline. The 
dCDP-E and dCDP-C were isolated from the reaction mixtures 
by chromatography on Dowex |-formate and/or chromatog- 
raphy on paper using Solvents I, I], and III mentioned above. 
Approximately 10 smoles of dCDP-E and 88 ymoles of dCDP-C 
were obtained in yields of 3.5 and 30 per cent, respectively, of 
the added dCMP. Analytical data on these synthetic com- 
pounds are given in Table III, 


RESULTS 
Isolation of Deorynucleotides from Hepatoma Extract.—In 
three separate experiments it was observed that after passage 
of the tumor extract through Dowex 1!-formate to adsorb the 
nucleotides, the effluent or nucleoside fraction contained a 
* We are indebted to Dr. B. C. Soyenkoff for a generous sample 
of the dye used in this method. 


W. C. Schneider and J. Rotherham 


Taste I 
Growth of Lactobacillus acidophilus R-26 on 3’-deorynucleotides 
and dideorynucleotides 
Sterile filtrates of the compounds were prepared and added to 
the autoclaved microbiological medium before inoculation with 
the organism (15). 


Growth 

Compound activity* 
Deoxyadenosi dinucleotide? . 2.02 
thymidine 1.98 


* Expressed as smoles of thymidine per smole of compound. 

t Isolated by Dr. Lew Cunningham from deoxyribonucleic acid 
digested with micrococeal deoxyribonuclease (28) and kindly fur- 
nished by Dr. M. Laskowski. 

t Isolated from calf thymus deoxyribonucleic acid digested 
with crystalline pancreatic deoxyribonuclease and kindly sup- 
plied by Dr. Robert L. Sinsheimer. These nucleotides have been 
shown to consist of 5’-nucleotides linked by a 5’ ,3’-phosphate 
bridge (29). 


large proportion of the total digestible deoxynucleotide (Table 
Il); the isolation and identification of the deoxynucleosides 
present in the effluent has been reported (1, 2). The nucleotide 
in the effluent could not be adsorbed by recycling through another 
Dowex | column or by carrying out the adsorption under more 
favorable conditions; i.e. higher pH and lower ionic strength. 
It could, however, be recovered by adsorption on a mixed column 
of Darco G-60 and Celite and elution with ammoniacal ethanol 
(27), followed by fractionation on Dowex 1. 

As shown in Fig. |, gradient elution of the Dowex 1 column 
revealed that two or three deoxvnucleotides could be detected 
directly microbiologically and that several deoxynucleotides 
required digestion for microbiological activity. The actual 
number of deoxynucleotides present in the extract could not be 
determined on the basis of this separation because it was neces- 
sary to pool fractions in order to keep the number of microbio- 
logical assays to a reasonable level and because overlapping 
of components could easily obscure individual deoxynucleotides. 


Taare Il 
Content of deoryribosyl compounds in hepatoma extract 
and its nucleoside fraction 

The neutralized trichloroacetic acid extract from 228 gm. of 
pooled Novikoff hepatoma tissue was passed through a 25 X 2 
em. Dowex |l-formate (SX) column at 2° and the column was 
washed with distilled water until the optical density at 260 my 
was 0.083. The combined effluents were designated as the nu- 
cleoside fraction. 


Microbiological activity Extract | Nucleoside 
thymidine® 
Measured directly (Step 1). 2070 1060 
Measured after digestion with intestinal 
phosphatase (Step 2)................... 2960 1475 
deoxynucleotide (Step 2 minus 
890 415 
* Determined microbiologically. 
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Paper Chromatography and Electrophoresis—The deoxynucleo- 
tide-containing fractions from the column chromatograms were . 
purified further by chromatography on paper by descending 
development. In the earlier stages of purification, Whatman 
| 
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Taste III 
Spectral and analytical data for the digestible 
hepatoma and synthetic dCDP-E and dCDP-C 
Spectral and analytical data x 
Wave of maximal absorption 
280 
Wave length of minimal absorption 
239 
Optical density ratios: 
47 
1.96 
P after 7 min. at 100° in 1 n HClf...... 0 
Deoxyribosidef, §...................... 139 
Deoxyriboside after digestion, §, || . . . 0.96 
Inorganic P after digestion$, ||......... 1.99 
* See the text. 


t Determined in 0.01 n HCI. 

t Values are expressed as wmoles per wmole of deoxycytidine 
calculated from absorption at 280 my in 0.01 ns HCl. 

§ Determined microbiologically with thymidine as the stand- 
ard. 

4 Activity observed may have been the result of partial de- 
struction during autoclaving. 

| The compounds were digested with intestinal phosphatase. 


Taste IV 
Migration on paper of hepatoma and synthetic 
dCDP-C and dCDP-E 
Solvent® 
Compound 
I Il 
Rr Rr Rr 
0.72 0.36 0.44 
0.74 0.34 0.44 
0.73 0.47 0.56 
* See ‘“‘Experimental.”’ 
Taste V 


Reaction of X, Y, and synthetic dCDP-E with ninhydrin 
The ninhydrin reaction was carried out by mixing 0.25 ml. of 
sample with 0.5 ml. of reagent (22) and heating for 15 min. at 100°. 
The reaction mixtures were diluted with 2 ml. of ethanol-water 
(1:1), shaken, and read at 570 my in the Beckman spectrophotom- 
eter. Ammonia was removed from the samples before the reac- 
tion by adsorption on and elution from Dowex 1-formate. 


Compound Ninhydrin color* 
17.9 
143 
Y, after electrophoresist............... 0 
X, after electrophoresist................ 9.63 


* Optical density at 570 my per wmole of deoxycytidine. 
t On paper in 0.05 m acetate, pH 5.5, at 400 volts for 8.5 hours. 
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Since one of the digestible deoxynucleotides appeared in the 
initial fractions of the chromatogram, it was assumed that it 
might be the same as the digestible material present in the nu- 
cleoside fraction. For this reason, Fractions 4 to 6 of the chroma- 
togram (Fig. 1) were combined with the material recovered from 
the nucleoside fraction by charcoal adsorption. 

This combined fraction was concentrated and chromato- 
graphed on Whatman No. 17 paper, with the isobutyric acid 
solvent. Four clearly separated bands were observed under 
ultraviolet illumination. Two of these bands, X and Y, con- 
tained digestible deoxynucleotide material. Separate chroma- 
tography of X and Y on paper with Solvents I and III, men- 
tioned above, removed additional bands of inactive material 
which were visible under ultraviolet light. In subsequent chro- 
matograms, X and Y migrated as single spots (Table IV). 

Spectral and Analytical Data on X and Y—The data in Table 
III show that both X and Y had the characteristic absorption 
spectrum and optical density ratios exhibited by deoxycytidine 
and that each contained approximately 2 ywmoles of organic 
phosphorus per umole of deoxycytidine. These results were 
corroborated by the finding (Table III) that the microbiological 
activity of both X and Y after digestion with intestinal phos- 
phatase was equivalent to the deoxycytidine content. All 
of the phosphorus present in X and Y was converted to inorganic 
phosphate by the intestinal enzyme. The data indicated that 
both X and Y were deoxycytidine diphosphates. That the 
compounds were not deoxycytidine-5’- pyrophosphate, however, 
was indicated by the absence of inorganic phosphorus after 
an 
slower migration rate of these compounds during electrophoresis 
on paper as compared with that of the pyrophosphate. The acid 
hydrolysis did, however, split the compounds since about 50 
per cent of the total microbiological activity was released. 

Microbiological Activity of X and Y after Phosphodiesterase 
Treatment—It was found that the entire microbiological activity 
of X and Y could also be released by incubation with purified 
rattlesnake . In contrast to the action of 
the intestinal phosphatase (Table III), however, none of the 
phosphorus of the compounds was released by the diesterase 
treatment. Preliminary experiments with paper electrophoresis 
indicated that the compounds were split into two phosphate- 
containing fragments. The identification of these split products 
will be considered later. 

The effects of the rattlesnake enzyme were puzzling as long as 
it was assumed that this preparation contained only phospho- 
diesterase activity. A study of the behavior of this enzyme 
towards various substrates showed that, although it was unable 
to release phosphate from 3’- or 5’-adenylic acid, adenosine 
triphosphate, or 3’ ,5’-thymidine diphosphate, it did possess a 
strong nucleotide pyrophosphatase activity towards diphos- 
phopyridine dinucleotide. Thus X and Y might be assumed to 
be deoxycytidine pyrophosphoryl derivatives of compounds 
that did not absorb in the ultraviolet. 

Inasmuch as Kennedy and Weiss (9) had already reported 
that cytidine diphosphate choline and cytidine diphosphate 
ethanolamine were present in liver extracts and because at 
about this time Potter and Buettner-Janusch (10) made their 
preliminary announcement of the isolation of dCDP-X from 
thymus extracts, which they concluded to be dCDP-E, dCDP-E 
and dCDP-C were synthesized and compared with X and Y. 


ides from 
| 
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48 
1.99 
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Paper Chromatography of X, Y, dCDP-E, and dCDP-C—The 
migration rates on paper of X and Y and of synthetic dCDP-E 
and dCDP.C in several solvents are reported in Table IV. The 
results show that X and Y had Rp, values that agreed closely 
with those of dCDP-E and dCDP-C, respectively. 

Ninhydrin Determinatione—Since dCDP-E would be expected 
to react with ninhydrin because of its free amino group, whereas 
dCDP-C would not, X and Y were tested with this reagent. 
The results (Table V) show that although X did react with nin- 
hydrin the intensity of the reaction was almost twice as great 
as that obtained with synthetic dCDP-E. Nitrogen determina- 
tions on X at this point were in agreement with these results 
since 5.3 umoles of nitrogen per umole of deoxycytidine were 
instead of the theoretical value of 4.0. Treatment of 


not react with ninhydrin. 

Repeated chromatography of X on paper, or adsorption on 
and elution from Dowex 1, failed to reduce the intensity of the 
ninhydrin reaction. However, when X and Y were submitted 
to electrophoresis on paper, Y became ninhydrin negative, 
whereas the intensity with which X reacted with ninhydrin 
approached that given by dCDP-E (Table V). The excess 
ninhydrin-reactive material that had been present in these 
compounds was found to have migrated over twice as far toward 
the anode as X and Y. 

Ethanolamine and Choline Content of X and )—Since the ul- 
traviolet spectra, the phosphorus content, and the Ry values 
of the compounds had not altered significantly after electro- 
phoresis from the values already reported, X and Y were con- 
sidered to have reached maximal purity and were analyzed for 
ethanolamine and choline, respectively, to determine whether 
their proposed formulation as dCDP-E and dCDP-C was cor- 
rect. Since neither the ethanolamine nor the choline method 
can determine these compounds in a bound form, X and Y were 
digested with the intestinal phosphatase preparation until all the 
phosphate was released. Analysis of the digests at this time 
revealed that X contained 0.92 ymole of ethanolamine per 
umole of deoxycytidine, and Y contained 0.96 umole of choline 
per umole of deoxycytidine. The analytical data were thus in 
agreement with the formulation of X and Y as dCDP-E and 
dCDP-C, respectively. 

Identification of Split Products from X and Y—It was pointed 
out earlier that treatment of X and Y with purified rattlesnake 
diesterase resulted in the release of two phosphate-containing 
compounds from each. The results in Table VI show that the 
two organic phosphates were produced in approximately equi- 
molar amounts as a result of this treatment. One of the split 
products from both X and Y did not absorb in the ultraviolet, 
whereas the other showed the typical deoxyeytidine spectrum 
with a maximum at 280 my in acid. The intensity of the ab- 
sorption of the latter at this wave length was equivalent to the 
phosphate content, which indicated that this fragment of both 
X and Y was dCMP. This conclusion was supported by the 
experiments in Table VII which show that the R, values of 
this fragment from X and Y were the same as those of (CMP 
in two solvents. 

The second phosphoryl! fragment obtained from the digestion 
of X could be detected by its reaction with ninhydrin and that 
from Y by its coloration with iodine vapors. The ninhydrin- 
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Taste VI 


Digestion of hepatoma deorynucleotides with rattlesnake diesterase 

0.3 ml. of X or 0.6 ml. of Y were incubated at 37° for 4 hours 
with 0.05 ml. of purified rattlesnake venom phosphodiesterase 
(0.26 mg.) , 0.01 ml. of 0.3 « magnesium acetate, and 0.1 ml. of 0.05 
mu sodium acetate adjusted to pH 7. The two phosphorus-contain- 
ing fragments from digestion of X were separated by paper elec- 
trophoresis at pH 5 and 7, whereas those from digestion of Y were 
separated by chromatography on a 9 X 1 cm. Dowex 1-formate 


pmole 
itekdbocansud Fragment 1 (PE) 0.17 0 
EE Fragment 2 (dCMP) 0.20 0.21 
ee Fragment } (PC) 0.54 0 
Weeedbdnedell Fragment 2 (dCMP) 0.52 0.52 


* Caleulated from the absorption at 280 my in 0.01 x HCI. 


Taste VII 
Rye values of split products obtained from hepatoma deorynucleotides 
Rr 
Compound Source 
Pure | 0.36 | 0.24 
xX 0.36 0.24 
Y 0.36 | 0.24 
Pure | 0.28 0.26 
x 0.29 | 0.26 
PE,DNP derivativet....... Pure 0.58 0.13 
PE,DNP derivative........ x 0.57 0.14 
| ¥ 0.49 0.238 


* See “‘Experimental”’. 

t DNP, dinitrophenyl; DNP derivatives were prepared from 
pure PE and X split product by incubating the sample in 0.1 ml. 
of 1 per cent trimethylamine with 0.2 ml. of 5 per cent 1,2,4- 
fluorodinitrobenzene in ethanol for 2 hours at room temperature 
(31). 


positive material from X migrated at the same rate on paper 
chromatograms as PE (Table VII). Since PE contains a free 
amino group capable of reacting with dinitrofluorobenzene, it 
was possible to test the identification of the fragment from X 
as PE further by attempting to make the dinitropheny! deriva- 
tive and comparing it with that obtained from PE. The results 
in Table VII show that a dinitropheny! derivative was obtained 
from this portion of X and that it had the same R, values as 
the dinitropheny! derivative of PE. As shown in Table VII, 
the migration rates of the second phosphoryl component of Y 
were the same as those of PC in two solvent systems and were 
distinctly different from those of either PE or dCMP. 


The results of the experiments presented in this paper lead to 
the conclusion that two of the digestible deoxynucleotides present 
in extracts of the Novikoff hepatoma were dCDP-E and dCDP-C. 
Although these nucleotides appear to account for a considerable 


6. 4 
t it 
column. 
than X had, although it had been anticipated that Y would 
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TUBE NUMBER 

1 Fic. 1. Separation of the nucleotides of the Novikoff hepatoma. The extract from 248 gm. of hepatoma was passed through a Dowex 
¢-formate column as described in the text. The adsorbed nucleotides were separated by gradient elution (12,6). The mixing flask 
ontained 500 ml. of water initially and the reservoir, 0.1 s HCOOH. The reservoir was changed as follows: A, 0.5 ~s HCOOH; B, 1.0 
HCOOH; C, 4 HCOOH; D, 4 s HCOOH + 0.2 ™ NH COOH; 4s HCOOH + 0.4 NH COOH; F, 4s HCOOH + 
COOH; G, 4 s HCOOH + 1.5 ™ NH,COOH. Samples of 15 ml. each were collected. After measuring the ultraviolet absorption of 
each, 35 fractions were obtained by combining several tubes, as indicated by the distance between the vertical marks on the abscissa 
of the upper chart. The microbiological activity obse-ved upon direct assay of the fractions is given in the unshaded portion of the 


bar graphs, and the increased microbiological activity observed after incubation with phosphatase is indicated by the shaded portion 


of the bars. 


portion of the digestible deoxynucleotides of this tissue, it is 
not possible to obtain an estimate of the concentration of these 
compounds from the present experiments. In view of the dif- 
ficulties encountered in the purification of these compounds, 
an isotope dilution method would appear to offer the best ap- 
proach for obtaining such information. The identities of the 
other deoxynucleotides present in the hepatoma extract (Fig. 1) 
have not been established. 

The functions of dCDP-C and dCDP-E in the hepatoma, as 
well as in the other cells from which they have been isolated 
(10, 11), remain to be determined. Since Kennedy and Weiss 
(9) have presented evidence that cytidine diphosphate choline 
and cytidine diphosphate ethanolamine are precursors of phos- 
pholipides, the hypothesis might be advanced that the cytidine 
diphosphates function in the synthesis of cytoplasmic lipides, 
whereas dCDP-C and dCDP-E are involved in the formation 
of nuclear lipides. 


1. The growth requirements of the organism, Lactobacillus 
acidophilus R-26, used for the assay of deoxyribosyl compounds, 


3’«<leoxyadenylate, and 3’-thymidylate 
were capable of substituting for the deoxyriboside required by 
the organism. 

2. Fractions obtained from chromatography of extracts of 
the Novikoff hepatoma on Dowex | were tested for microbiologi- 
cal activity in the Lactobacillus acidophilus R-26 assay before 
and after digestion with an intestinal phosphatase preparation. 
The unadsorbed or nucleoside fraction was found to contain a 
large portion of the total digestible deoxynucleotides of the ex- 
tract. Gradient elution revealed the presence of several deoxy- 
nucleotides that could be detected directly in the assay and 


material recovered from the nucleoside fraction and the initial 
fractions eluted from the column. After purification by paper 


chromatography and paper electrophoresis, spectral, chemical, 
and microbiological determinations indicated that these com- 
pounds were deoxycytidine-5’-pyrophosphory! derivatives of 
choline and ethanolamine. This conclusion was supported by 
comparison of the isolated hepatoma deoxynucleotides with 


samples of these compounds synthesized from 5’-deoxycytidy late 
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were investigated further. Two dideoxynucleotides containing 
3. Two digestible deoxynucleotides were isolated from the 
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and phosphoryleholine and phosphorylethanolamine and also 
by examination of the products obtained from the hepatoma 
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compounds after treatment with rattlesnake nucleotide pyro- 
phosphatase. 
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In the course of studies on the incorporation of amino acids 
into RNA and protein (2, 3) in a cell-free system of rat liver and 
mouse ascites carcinoma cells, the possibility was considered 
that nucleotides might be incorporated specifically into the 
RNA of the soluble fraction of the cell. In the presence of 
the precursors ATP-C (1), CT P-C" and UTP-C™, we have found 
that the RNA of the supernatant fraction becomes labeled and 
that the labeled nucleotides are incorporated into RNA prin- 
cipally as terminal groups under the present conditions. The 
nucleoside triphosphates of adenine, cytosine, and uracil serve 
as the proximal precursors in this reaction. The following 
mechanism and sequence for the formation of the specific 
terminal units on the RNA of the supernatant fraction are 
suggested : 

CTP + RNA = CMP—RNA + PP 
ATP + CMP—RNA = AMP—CMP—RNA + PP 


UTP + RNA =* UMP—RNA + PP 


The incorporation of labeled precursors into RNA in cell- 
free mammalian systems was described initially by Friedkin 
and Lehninger (4) and subsequently by a number of workers 
(5-9). Terminal addition of adenine nucleotides to RNA 
has been observed in several laboratories (1, 10-13) and recent 
experiments have pointed to the likelihood that ATP rather 
than ADP is the precursor in this reaction (1, 11-13). The 
sequential incorporation of the cytosine and adenine nucleotides, 
which is indicated in the present communication, is in agree- 
ment with observations of Heidelberger et al. (7) and Canellakis 
(11), who found that the added adenine nucleotide was located 


adjacent to a cytosine nucleotide. 


MATERIALS AND METHODS 


Substrates—ATP-8-C" and ADP-8-C™ were purchased from 
Schwarz Laboratories, Inc. The radioassay of the ATP-C"* 
preparation was 96 per cent ATP-C™, with no more than 3 
per cent ADP-C" and 1 per cent AMP-C™, as shown by separa- 
tion of these compounds by paper electrophoresis (14) with 
0.02 4 ammonium formate at pH 3.8 for 1 hour at 1000 volts. 
The ADP-C" was assayed in the same manner and was found 


* This work, on which a preliminary report has been published 
(1), has been supported by grants-in-aid from the United States 
Atomic Energy Commission, the American Cancer Society, and 
the United States Public Health Service. This is publication 
No. 922 of the Harvard Cancer Commission. 


to contain 95 per cent ADP-C™, 1.5 per cent ATP-C™, and 3.6 
per cent AMP-C*. 

UTP-6-C" and UDP-6-C™ were prepared biologically (15) 
from orotic acid-6-C", which was obtained from Tracerlab, 
Inc. 90 uwmoles of orotic acid were incubated at 37° for 1 hour 
with the cytoplasmic fraction of rat liver (150 ml. of the 8, 
fraction prepared from a 20 per cent homogenate of liver in 
0.25 u sucrose) in a total volume of 800 ml. in the presence of 
0.37 mu ATP; 7.5 mu phosphoglyceric acid; 2.2 ma ribose-5- 
phosphate; 5 mu MgCl.; 3.7 ma phosphate buffer, pH 7.4; 
and 0.25 m sucrose. The nucleotides of the acid-soluble frac- 
tion were separated by ion exchange chromatography on Dowex 
1-10 formate, with the use of the two elution «ystems at pH 
2 and pH 5 described by Hurlbert ef al. (16). The individual 
nucleotides were adsorbed on a 5 x 0.7 em. column of Nuchar 
C, the column was washed with 200 ml. of distilled water, and 
the nucleotides were eluted with 70 per cent ethanol, 0.14 » 
NH OH. The eluant was evaporated under vacuum, and 
the nucleotides were dissolved in distilled water. The analyses 
of the respective products by ion exchange chromatography 
(16) were: 95 per cent UTP-C™, 3 per cent UDP-C™, 1 per cent 
UMP-C; and 95 per cent UDP-C™, 4 per cent UMP-C™. 

UDP-+4-C"-glucose and UDP-6-C"-acetyiglucosamine were 
isolated from the acid-soluble fraction of liver from three 230 
to 260 gm. rats, each of which had received 14 ymoles of orotic 
acid-6-C" (4.7 x 10° ¢.p.m./smole) in three intraperitoneal 
injections over a period of 1 hour. The animals were killed 1 
hour after the last injection. The nucleotides were isolated 
by ion exchange chromatography (16) and were purified as 
described above. 

CTP-C™ was prepared as follows: randomly labeled RNA-C", 
obtained from Schwarz Laboratories, Inc., was degraded with 
purified snake venom diesterase’ (17). CMP was isolated by 
ion exchange chromatography on Dowex 1-10 formate (col- 
umn 10 * 1 em.) with the use of gradient elution (0.5 u am- 
monium formate added to a mixer containing 500 mil. of dix 
tilled water). The CMP was purified by adsorption on Nuchar 
C as above. The CMP was phosphorylated by incubation 
with the whole cytoplasmic fraction of rat liver under conditions 
of oxidative phosphorylation (18). CTP was isolated from the 
acid-soluble fraction by ion exchange chromatography on Dowex 
1-10 formate (column 20 x 1 em., gradient elution with | 
M ammonium formate added to a mixer containing 500 ml. of 
distilled water), adsorbed on Nuchar C and eluted as above. 


' The diesterase was kindly provided by Dr. J. F. Koerner. 
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Analysis of the product by ion exchange chromatography 
showed 97 per cent CTP-C", 0.8 per cent CDP-C™, and 0.3 


and 420 yg. of inosinic 
isolated from beef liver (19), in a total volume of 150 ml. of 
medium containing 0.05 « Tris* buffer, pH 8, and 0.02 « MgCl. 
21 umoles of GMP were then phosphorylated by incubation 
with the whole cytoplasmic fraction of rat liver at 37° for 25 
minutes under conditions of oxidative phosphorylation (18) 
and in the presence of 0.004 « phosphopyruvate, 0.02 » phos- 
phoglyeeric acid, and 200 yg. of pyruvate kinase, in a total 
volume of 45 ml. GTP was isolated from the acid-soluble 
fraction by ion exchange chromatography (16). A 21 x 1 
em. column of Dowex 1-10 formate was used. The gradient 
elution (mixer, 500 ml. of distilled water) with the pH 2 formic 
acid, ammonium formate system was carried out until ATP 
had been eluted. The solution in the mixer was then replaced 
with 500 mil. of distilled water; 2 « ammonium formate, pH 5, 
was placed in the reservoir; and the elution was continued. 
UTP and GTP were separated completely. GTP-C" appeared 
as a uniform peak with constant specific activity and constant 
relative absorption at 275 mp and 260 my. An unidentified 
radioactive compound was eluted after GTP. GTP was 
adsorbed on Nuchar C and eluted as i described. 
The of GTP in 0.01 ~ HC! and 0.01 » NaOH was 
identical with that of known GTP. By ion exchange chromatog- 
raphy the product assayed 96 per cent GTP-C, 2 per cent 
GDP-C*, and 0.5 per cent GMP-C*. 

The unlabeled nucleotides were obtained from Sigma Chemical 


Company. 1 gmole of MgCl, / umole of nucleotide was added 
in all cases. The neutralized nucleotide solutions were stored 
at —20°. 


exchange chromatography on Dowex |-formate, assayed 98.5 
per cent inorganic pyrophosphate and 0.4 per cent inorganic 
orthophosphate 


Preparation of Cell Fractione—The lysis of Ehrlich mouse 
ascites carcinoma cells and their subsequent fractionation in 
general followed the description of Littlefield and Keller (20), 
and may be summarised as follows: The tumor cells (0.2 ml. 
of peritoneal fluid) were injected intraperitoneally into strain 
A mice. After 6 to 7 days the animals were killed by cervical 
fracture and the ascitic fluid was drained through an abdominal 
incision into tubes surrounded by ice. All subsequent procedures 
were carried out at 0-4". The cells, plus fluid, were 
in an equal volume of medium containing 0.14 « NaCl, 0.02 
« glucose, and 0.04 « Tris buffer at pH 8.5. The cells were 
sedimented by centrifugation at 600 x g for 5 minutes. They 
were washed twice in a similar manner. About 20 ml. of packed 


*The abbreviation used i«: Tris, tris(hydroxymethy!)amino- 
methane 


cells were obtained from 15 mice. In order to reduce the 
salt concentration and to lyse contaminating red cells, the packed 
cells were resuspended in 10 volumes of ice-cold distilled water. 
They were centrifuged immediately for 5 minutes at 600 x g. 
The tumor cells swell during this procedure and about 5 to 10 
per cent of the cells rupture. The packed cells were resuspended 
in 10 volumes (using the original cell volume) of distilled water 
and were homogenized with a glass homogenizer. After a 

solutions were added to the homogenate to give a final concen- 
tration of 0.25 « sucrose, 0.005 1 MgCl;, 0.025 » KCl, and 0.05 
m Tris buffer, pH 7.6 (Medium A), or 0.35 ™ sucrose, 0.004 
MgCl,, 0.025 « KCl and 0.035 KHCO, (Medium B). 

The homogenate was centrifuged for 10 minutes at 600 x g 
and the supernatant fraction (S,) represents the total evto- 
plasmic fraction. 

For the preparation of the soluble fractions the homogenate 
in Medium A was centrifuged for 10 minutes at 12,000 x g 
and the supernatant fraction (S;) was centrifuged for 2 hours 
at 105,000 x g in a Spinco preparative ultracentrifuge to sedi- 
ment the microsome fraction. The supernatant fraction (S;) 
was separated further into the pH 5 precipitate (pH 5 fraction) 
and pH 5 supernatant fluid (S,), by adjusting the pH to 5.2 
with 1 w acetic acid. The precipitate was washed with ice- 
cold distilled water and was dissolved in Medium A. S, was 
brought to pH 7.6 with KOH. 

The isolation of larger quantities of the pH 5 fraction was 
carried out as follows: the distilled water homogenate of the 
cells from 20 to 25 mice was prepared and sucrose was added to a 
final concentration of 0.25 «. The S; fraction was isolated. 
The pH of the S, fraction was adjusted to pH 5.2 with 1 » 
acetic acid, and the suspension was centrifuged for 5 minutes 
at 12,000 x g. The precipitate was dissolved in 150 ml. of 
ice-cold Medium A or Medium B. This fraction was centrifuged 
for 2 hours at 105,000 x g. The S, fraction was brought to 
pH 5.2 with 1 acetic acid and the precipitate was collected as 
above. This precipitate was washed once with ice-cold distilled 
water and was dissolved in Medium A or Medium B. When 
indicated, one to five reprecipitations were carried out after 
the enzyme solution had been diluted 2- to 5-fold with distilled 
water. The final volume of the pH 5 fraction was roughly 
equal to the original packed cell volume. These enzyme frac- 
tions could be stored at —20° for at least 8 weeks with little 
loss of activity’ 

The preparation of the pH 5 fraction from rat liver was carried 
out as described previously (21). 

Preparation of RN A—RNA, added to the incubation systems, 
was prepared by a modification (3) of the methods of Gierer 
and Schramm (22) and of Kirby (23). RNA was isolated from 
the following cell fractions prepared from a 5 per cent homogenate 
of ascites cells or rat liver (120 to 150 gm. rats) in Medium A: 
the nuclei plus whole cells or cell fragments were sedimented at 
600 x g for 10 minutes and washed two times; the microsomes 
were sedimented at 105,000 x g for 2 hours from the 5S, fraction; 
the pH 5 fraction was prepared from the S, fraction (pH 5 RNA). 
The RNA was dialyzed against distilled water for 4 hours at 4°. 
Before use, the dialysis tubing was exposed to 0.05 w V. 
(disodium salt of ethvlenediaminetetraacetic acid, Dow Chemical 
Company) for 24 hours and was washed extensively with dis- 


* The first time the pH 5 fraction is frosen and thawed a pre- 
cipitate appears, and this is discarded. 
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; per cent CMP-C™. 

GTP-8-C™ was prepared in two steps from guanine-8-C™, 
which was obtained from Schwarz Laboratories, Inc. GMP 
was kindly prepared by Dr. L. N. Lukens and Dr. J. M. Bu- 
chanan in the following manner: 28.5 ymoles of guanine were in- 
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The phosphopyruvate and pyruvate kinase were obtained : 
from the Boehringer Company, Mannheim, Germany. The 
former, purchased as the silver barium salt, was converted to the 
potassium salt. 

Labeled inorganic pyrophosphate was prepared by pyrolysis 
of P™labeled orthophosphate. The product, analyzed by ion 
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tilled water. Tris buffer, pH 7.6, in a final concentration of | by the dropwise addition of dilute NaOH or HC! in 10 per cent 


0.02 and MgCl, in the proportion of 1.5 wmoles of MgCl./mg. 
of RNA were added. The RNA was stored at —20°. 

Incubation Procedure—The incubations were carried out at 
37° in a 1 mil. volume with air as the gas phase, unless indicated 
otherwise. The basic incubation medium contained: 0.02 
u KCl; 0.0035 to 0.005 « MgCl,; 0.18 sucrose; and either 
0.037 u Tris buffer, pH 7.6, or 0.026 « KHCO,. When in- 
dicated, a nucleoside triphosphate-genecrating system was 
added. After the incubation the samples were chilled and 
perchloric acid was added to a final concentration of 0.4 » 
to stop the reaction. 

Isolation of RNA for Counting—The RNA was isolated and 
prepared for counting according to a modification of a general 
procedure described previously (24). Briefly, the RNA and 
protein were precipitated with cold 0.4 ~ perchloric acid. The 
precipitate was washed four times with cold 0.2 ~ perchloric 
acid, once with 0.2 ~ perchloric acid-cthanol, 1:5, twice with 95 
per cent ethanol, and once with ethanolther, 3:1, at 50° for 
10 minutes. (In some experiments the extraction with lipide 
solvents was omitted and this did not alter the specific activity 
of the RNA.) The RNA was separated from the protein by 
extraction with about 2 ml. of 10 per cent NaCl at 100° for 30 
minutes. For quantitative recovery of the RNA, the NaCl 
extraction was repeated. The pH was adjusted to 7 to 7.5 
before heating, and this pH was maintained during the extraction 


I 
Relative incorporation of nucleotides into RNA 

The nucleotides (1 smole of each nucleotide listed) were incu- 
bated with 0.5 ml. of pH 5 fraction of ascites cells containing 245 
ug. of RNA (reprecipitated at pH 5.2 three times and dissolved 
in Medium A) for 10 minutes at 37° in a total volume of 1.0 ml., 
with 0.01 phosphopyruvate; 10 sg. of pyruvate kinase; 0.004 
MgCl;; 0.037 « Tris buffer, pH 7.6; and 0.020 KCl. The pre- 
cursors used had the following specific activity values: ATP-C"*, 
243,000 c.p.m./smole; CTP-C™, 58,000 ¢.p.m./smole; UTP-C, 
133,000 c.p.m./smole; and GTP-C™, 162,000 ¢.p.m./amole. The 
mygmoles of the labeled nucleotide incorporated/mg. of RNA are 


Nucleotides added RNA Nucleotides added RNA 
Memon 
23.4 UTP-C* 3.0 
2.7 + ATP 3.1 
+ GTP. (2.6 + GTP 14 
+ UTP 05 
+ ATP + GTP 23 +GTP+ ATP. 14 
+ ATP + UTP 7.5 + GTP + CTP 0.3 
+ GTP + UTP B2 £+ATP + CTP 07 
+GTP + ATP +) + ATP + GTP 
UTP. 29 03 
ATP-C# (10.9 GTP-C™ 0.19 
+ UTP 105 + ATP O17 
+ GTP CTP 
+ GTP + UTP + UTP 0.18 
+ CTP + ATP + CTP 0.15 
+CTP+UTP. ATP + UTP. 0.88 
+ CTP + GTP 95 + CTP + UTP 0.11 
+CTP + GTP CTP + UTP 
ATP...... 0.15 


NaCl, with the use of phenol red as an indicator. The samples 
were centrifuged and the sodium salt« of the nucleic acid were 


After standing for at least 2 hours at —20° the precipitate 
was collected and was washed with 2 mil. of ice-cold 95 per 
cent ethanol. The precipitate was diolved in water and 
aliquots were taken for the estimation of RNA end the 
mination of radioactivity. The samples were plated on 
glass cover slips and were dried with a heating 

samples were counted with a Nuclear gas flow counter wi 
a Micromil end window. 

Determination of RN A—Routinely, RNA was estimated 
spectrophotometrically at 260 my on a hydrolyzed aliquot of 
the sample. The RNA was hydrolyzed in 0.1 » NaOH at 50° 


deter. 
round 
The 
counter with 


used was 32.3 cm.* mg.~' RNA at 260 my in 0.1 s NaOH, caleu- 
from the data of al (25) obtained for hydrolyzed 
RNA in 0.1 » HCl. In experiments where the total quantity 
of RNA present was too low to permit purification, carrier RNA 
was added after the addition of 0.4 » perchloric acid. Where 
total counts are reported, the specific activities of the isolated 
RNA have been multiplied by the total quantity of RNA found 
in the NaCl extract before the precipitation of the RNA with 
ethanol. 


KESULTS 


Localization of Labeled RN A Fraction—Further fractionation 
of the cytoplasmic fraction of ascites celle (S,) after incubation 
with oxidative substrates (18) and ATP-C™ shows that the RNA 
in the 8, fraction has the highest specific activity. Incubation 
of the separated microsomal, 5,, and pH 5 fractions with 
ATP-C™, phosphopyruvate, and pyruvate kinase indicates that 
the latter fraction is most active. Similar results are obtained 
with rat liver fractions. A comparison of these two systems 
shows that the ascites cell system is much lower in ATPase (20) 
than the rat liver system previously described (1), and there- 
ascites cells. 

Incorporation of Ribonucleotides into RN A Table | represents 
the incorporation of ribonucleotides into the RNA of the pH 5 
fraction (reprecipitated three times) and describes the extent 
of the incorporation of each nucleotide when present alone or in 
combination with other nucleotides. The cytosine nucleotide 
addition i« independent of the presence of other nucleotides, 
The adenine nucleotide incorporation, on the other hand, & 
enhanced greatly by the addition of CTP and to a lesser extent 
by the addition of GTP, whereas UTP i« without effect. The 
presence of both GTP and CTP, however, does not result in an 
additive stimulation of the ATP utilization. The labeling of 
RNA in the presence of UTP-C™ ix less than that observed 
with labeled CTP or ATP under optimal conditions, and CTP 
and to some extent GTP inhibit the reaction. Appreciable 
labeling of RNA in the presence of GTP-C™ is not observed in 
this experiment. 

With the pH 5 fraction precipitated once, addition of CTP 


956 
precipitated from the NaCl extract by the addition of 25 
volumes of ice-cold 95 per cent ethanol. The samples were 
cooled to —20° for at least 4 hours. The exilim salts of nucleic | 
acid were sedimented, dissolved in | mi. of 0.5 per cent NaCl, , 
and reprecipitated by the addition of 2.5 volumes of cold ethanol. | 
t 
t 
reported. 
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Taste Il 
Effect of preincubation of pil & fraction on incorporation of adenine 
and cytosine nucleotides into RNA 

The control pH 5 fraction of ascites cells was reprecipitated 
and redissolved in Medium A three times. (One portion of this 
5 fraction was incubated at 37° for 15 minutes and chilled, to 
yield the preincubated pH 5 fraction. 0.75 ml. of the indicated 
pH 5 fraction was incubated for 10 minutes at 37° in « total vol- 
ume of 1 ml. with 1.0 smole of ATP or ATP-C** (243,000 ¢.p.m./ 
pgmole) and 0.5 smole of CTP or CTP-C** (58,000 ¢.p.m./smole), 
as indicated, and 0.004 « MgCl,; 0.037 « Tris buffer, pH 7.6; and 


0.02" KCl. The of the labeled nucleotide incorporated / 
me. of RNA are reported. 
RNA 
Nw 
Control pHi Preincubated pil § 
fraction fraction 
ATP.C" 15 | 8 
ATP-C™ + CTP 23 | 
CTP-C" + ATP | 6 


produces only a small stimulation of adenine nucleotide in- 
corporation, but after repeated reprecipitation the CTP effect 
becomes marked. Preincubation of the pH 5 fraction at 37° 
for 15 minutes results in a decrease of the incorporation of adenine 
nucleotides, but addition of CTP restores the activity, as ix 
shown in Table Il. Under these conditions, the extent of in- 
corporation of the cytosine nucleotide as compared with the 
adenine nucleotide is about 2:1. 

In the presence of both ATP and CTP the incorporation of 
these nucleotides ix additive, as is shown in Table III, indicating 
that there is no replacement of one nucleotide by another. 

Location of Label in RNA—The labeled RNA was isolated 
after incubation of the pH 5 fraction with ATP-C™ and was 
subjected to mild alkaline hydrolysis, followed by «paration 
of the mononucleotides and nucleosides, as follows: the RNA was 
hydrolyzed for 3 hours in 0.2 x NaOH at 80°.* 


column of Dowex 1-formate (5 x 0.7 em). 
washed with 20 mil. of distilled water and then 0.02 s HCOOH 
was added. 5 mi. fractions were collected and the adenosine 
was found as a sharp peak in Fractions 12 and 13. Thereafter 
¥ (or 2)-CMP and 3 (or 2‘)-AMP were eluted with 0.05 » 
HCOOH and 0.2 » HCOOH, respectively. 8O to 9 per cent 
of the radioactivity placed on the column was eluted with the 
carrier adenosine, and the specific activity of this fraction was 
constant. 8 to 12 per cent of the radioactivity was associated 
with 3’ (or 2)-AMP. Following separation of the nucleoside 
fraction by filter paper electrophoresis, the radioactivity coin- 
cided with adenosine. The sample was run for 2 hours at 1500 
volts in 0.018 « ammonium formate at pH 3.45, and adenosine 
traveled 12.7 em. from the origin toward the cathode. In 
the absence of carner nucleoside the actual amount of nucleosides 
recovered was less than 2 per cent of the total RNA hydrolysate. 
When a control sample of unhydrolyzed, labeled RNA was 
placed on a similar Dowex 1-formate column, no radioactive 


* Under these conditions les« than | per cent of 3° (or 2°)-AMP, 
(or 2°)-CMP, or (or 2°)-UMP ia degraded to the free base or 
nucleoside. 
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Taste Ill 
Additive incorporation of ATP and CTP into RNA 

2 smoles of each nucleotide were incubated with 2 ml. of pH 5 
fraction of ascites cells containing 1 mg. of RNA (reprecipitated 
five times and dissolved in Medium A) for 10 minutes at 37° in a 
total volume of 4 ml. in the presence of 0.01 « phosphopyruvate; 
40 pg. of pyruvate kinase; 0.004 « MgCl,; 0.037 » Tris buffer, pH 
7.6; and 0.02 « KCl. The specific activity values of CTP-C™ 
and ATP-C* were 60,000 ¢.p.m./umole. The specific activity 
values of the RNA are reported. 


Nucleotides added RNA 
pm. ‘mg. 
ATP-C™ + CTP | 1880 
CTP-C™ + ATP 3570 

Sum | ‘ASO 
ATP-C™ + CTP-C* | 5100 


compounds were eluted with 20 ml. of 4 » formic acid, 0.4 w 
ammonium formate. 

Table IV shows the distribution of radioactivity between 
the nucleoside and nucleotide fractions formed during alkaline 
degradation of the RNA labeled in the presence of ATP-C™, 
CTP-C™, or UTP-C™ and the indicated unlabeled nucleotides. 

Under these conditions of alkaline hydrolysis RNA of the 
following type would yield 3’ (or 2’)-nucleotides from the internal 
nucleotides, and nucleosides from the indicated end position (26): 


Base Base Base Base 


The added adenine nucleotide occupies principally an end posi- 
tion even in the presence of other nucleotides, as is indicated by 
the predominant appearance of adenosine-C™ rather than 3’ 
(or 2)-AMP-C™. The position of the added cytosine nucleotide 
in the RNA molecule is in part determined by the presence or 
absence of ATP. In the absence of added ATP, 51 to 61 per 
cent of the labeled cytosine nucleotide is present as an end group 
nucleotide, as is shown by the formation of cytidine-C™ during 
the alkaline hydrolysis,’ and the remainder is present as 3’ 
(or 2)-CMP-C™. In the presence of ATP, the evtosine nu- 
cleotide seems to be “covered up” by the incorporation of the 
adenine nucleotide, since in this case 89 to 95 per cent of the 
labeled cytosine nucleotide component is recovered as 3’ (or 
2’)-CMP-C™ after hydrolysis. 

Degradation of RNA, previously labeled with either ATP-C™ 
or CTP-C™ in the presence of ATP, with 0.1 s NaOH at 37° 
for 18 hours yields, in addition to the described products, a 
labeled compound which appears on a chromatogram with Dowex 
1-formate (20 x 0.7 em. column) in a position between adenosine 
and 3° (or 2‘)-CMP, when formic acid serves as cluant in a 
gradient elution system (mixer, 500 mil. of distilled water; 
reservoir, 0.1 « HCOOH). Since more extensive alkaline hy- 
drolysis yields adenosine and 3’ (or 2‘)-CMP respectively, it is 

* The radioactivity i« eluted from Dowex |-formate and Dowex 
50-H* in the same position as known cytidine, and travel« with 
cytidine in the filter paper electrophoresis system described above. 
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Taste IV 
Localization of C** in alkaline hydrolysate of RNA 

The incubation conditions were the same as in Table I. 
RNA was degraded with 0.2 s NaOH at 80° for 3 hours. 1 smole 
of adenosine, cytidine, or uridine was added to the correspond- 
ingly labeled RNA hydrolysate. The hydrolysates were placed 
on 5 X 0.7 em. Dowex 1-formate columns. 5 or 10 ml. fractions 
of the eluents indicated were collected until each fraction was 
eluted completely: nucleosides, 0.02 s HCOOH; 3’ (or 2’)-CMP, 
0.1 HCOOH; 3’ (or 2’)-AMP, 1.0 HCOOH; 3’ (or 2’)-GMP 
plus 3’ (or 2‘)-UMP, 4s HCOOH. The percentages of the total 
radioactivity in the RNA recovered as the nucleoside and nu- 
cleotide fractions after hydrolysis are reported. 


Nucleotides added Nuc leonde 
Adenosine (or AMP 
| 85 13.6 
+ CTP + UTP +GTP........ 90 8.0 
Cytidine (or )-CMP 
51 41 
57 40 
61 43 
+ ATP + UTP +GTP........ sl 95 
Uridine * | ¥ (or 2’)-UMP 
86 12 


CPM X10 / MG RNA 
™N 


re) 
0 5 OW 2 28 30 
MINUTES INCUBATION 
Fic. 1. Time curve of incorporation of the adenine 

into RNA of the pH 5 fraction. Each tube contained 0.75 ml. of 
ascites cell pH 5 fraction dissolved in Medium A, 1 ymole of 
ATP-C* (190,000 counts per minute per smole), 0.01 « phospho- 
pyruvate, and 10 yg. of pyruvate kinase, in a total volume of 1.0 
mil. The gas phase was oxygen or nitrogen, as indicated. 


suggested that the compound contains cytidine-3’ , 5’-phos- 
phoadenosine. Whether a further constituent is present to 
render the compound slightly more resistant to alkaline hy- 
drolysis than RNA has not yet been established. 

Hydrolysis of RNA labeled in the presence of UTP-C" over a 
time course (2, 5, 10, and 30 minutes) suggests that the uridine 
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nucleotide is added to the 3’ (or 2’)-hydroxyl group of the 
terminal nucleoside, since 85 to 90 per cent of the radioactivity 
appears with the uridine fraction at all time points. Similar 
observations are made in the presence of ATP. 
Enhancement of Terminal Nucleotide Incorporation by Addi- 
tion of Free RNA—A time curve for the incorporation of the 
adenine nucleotide into the RNA present in the pH 5 fraction 
is given in Fig. 1. The reaction i« rapid and is completed in 
10 minutes. Oxygen is not required. Addition of a nucleoside 
triphosphate-generating system does not prevent the rapid 
decline in rate of the reaction, suggesting that the loss of sub- 
strate due to ATPase is not responsible for the short duration 
of the reaction. This observation suggests that the sites avail- 
able for the addition of adenine nucleotides to the RNA present 
in the pH 5 fraction are rapidly saturated. Therefore an experi- 
ment was carried out to test whether isolated pH 5 RNA could 
serve as acceptor of adenine nucleotides. When increasing 
amounts of free pH 5 RNA are added to the incubation system, 
as described in Fig. 1, the total addition of the adenine nucleotide 
into the RNA increases proportionately. The enhancement 
of the incorporation of both the adenine and cytosine nucleotides 
into RNA is greatest when free pH 5 RNA is added to the whole 
supernatant fraction (S,) rather than to the pH Sfraction. Figs. 
2 and 3 illustrate that the nucleotide addition to the RNA is 


> 


CPM X 10~* IN TOTAL RNA 
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Fic. 2. Specificity of RNA as acceptor of the adenine nucleotide 
end group. In each tube 0.5 ml. of the 8, fraction prepared from 
a 75 per cent homogenate of ascites cells was incubated for 10 
minutes at 37° in a total volume of 1 ml. with | gmole of ATP-C*"* 
(243,000 ¢.p.m./smole) in the presence of 0.01 « phosphopyruvate; 
10 of pyruvate kinase; 0.005 Mg(1,; 0.037 buffer, 
pH 7.6; 0.02 « KCl; and increasing amounts of RNA isolated 
from several sources. pH 5 fraction of rat liver (@), nuclei of 
ascites cells (@), microsomes of ascites cells (4), and microsomes 
of rat liver (4). The enzyme contained 32 sg. of RNA per 0.5 
ml. The total radioactivity in the RNA is reported. After the 
addition of perchloric acid, RNA was added to give the «ame 
amount of RNA in all flasks of each individual curve. 
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to the amount of pH 5 RNA added to the incuba- 
tion system. Alkaline hydrolysis of the RNA labeled in the 
presence of ATP-C* under these conditions yields between 85 
and 90 per cent of the radioactivity as adenosine, indicating 
that the adenine nucleotide predominantly is incorporated as a 


CPM IN TOTAL RNA 


i 

0.18 0.36 054 
MG RNA ADDED / FLASK 

Fie. 3. Effect of addition of pH 5 KNA on the incorporation 
of the evtosine nucleotide into RNA. The &, fraction (0.3 ml. 
per tube) prepared from a 7.5 per cent homogenate of ascites cells 
was incubated with 0.5 smole of CTP-C™ (58,000 ¢.p.m./smole) 
for 10 minutes at 37° in a total volume of | ml. in the presence of 
0.01 « phosphopyruvate; 10 sg. of pyruvate kinase; 0.004 wu MgCl;; 
0.037 « Tris buffer, pH 7.6; 0.02 « KCI; and increasing amounts 
of RNA prepared from the rat liver pH 5 fraction. The 8, frac- 
tion contained 2 sg. of RNA in 0.3 ml. The total radioactivity 
incorporated into the RNA is reported. After the addition of 
perchloric acid, RNA was added to give the same amount of RNA 
in all flasks. 


Oo 


I I 


Hecht, Zamecnik, Stephenson, and Scott 


cTP 

39 

20 

uJ 

| 

210 


MMOLES NUCLEOTIDE / ML. 


Fig. 4. Substrate concentration curves. Experiment I: Each 
tube contained 0.75 ml. of ascites cell pH 5 fraction in medium 
with varying amounts of ATP-C™ (300,000 ¢.p.m./smole) or 
UTP-C™ (200,000 ¢.p.m./smole) in a final volume of | ml. The 
samples were incubated at 37° for 10 minutes with % per cent 
oxygen, 5 per cent carbon dioxide in the gas phase. Experiment 
Il: Each tube contained 0.75 ml. of ascites pH 5 fraction (reprecip- 
itated two times) in Medium A with varying amounts of CTP-C™ 
(100,000 ¢.p.m./smole) in a final volume of 1 ml. The samples 
were incubated for 10 minutes at 37° with air in the gas phase. 


Tasiz V 
ATP and ADP as precursors of adenine nucleotide end 
groupe of RNA of pH & fraction 

Each tube contained 0.75 ml. of ascites cell pH 5 fraction in 
Medium B plus 1 smole of ATP-8-C™ containing 190,000 ¢.p.m., 
or 1 smole of ADP-8-C** containing 190,000 ¢.p.m. in a final vol- 
ume of 10 ml. An ATP-generating system consisting of 0.01 x 
phosphopyruvate and 11 sg. of pyruvate kinase was included 
where indicated. Incubation was carried out for 10 minutes at 
37° in an atmosphere of 95 per cent oxygen, 5 per cent carbon di- 
oxide 


After incubation the perchloric acid-soluble fraction was 
assayed for radioactivity present in ATP, ADP, AMP, and ade- 
nosine. Samples 1, 2, and 3 were assayed by filter paper electro- 
phoresis: 90 minutes at 1000 volts in the presence of 0.02 « am- 
monium formate at pH 3.8. After the electrophoresis the paper 
was cut into 0.5 cm. strips and the samples were eluted with water, 
evaporated to dryness, and counted. A slight contamination by 
ATP in the ADP samples obtained from the filter paper chroma- 
tograms was found due to tailing of the ATP peak. Sample 4 
was chromatographed on a Dowex 1-formate column (0.7 cm. X 
10 em.) by elution with a gradient of ammonium formate, pH 5, 
from 0 to 1.5 « with a mixer volume of 150 ml. (16). 120 drops 
were collected in each tube. This method resulted in complete 
separation of adenosine, AMP, ADP, and ATP. 


Acid-soluble nucleotides C'* 
| after incubation 
RNA + of radioactivity) 
| | AD* | AMP | ADP | ATP 
me. 
2. ATP-C™ + ATP. -gener- 
ating system. . 7 6 
3. ADP-C’ ...... 3 
4. ADP-C™ + ATP -gener- | 
ating system. . 86 | 18 3.2 
* AD = adenosine. 


5’-nucleotide and is attached by a phosphodiester linkage to a 
free 3° (or 2’)-hydroxy! group of the terminal nucleoside residue 
of the RNA. 

A specificity for the type of RNA required as acceptor of the 
5’-nucleotides is indicated in Fig. 2. RNA isolated by the 
phenol extraction method (3, 22, 23) from the pH 5 fraction 
of either rat liver or ascites cells is very active," but the RNA 
obtained from nuclei or microsomes is almost completely in- 
active. RNA prepared from bakers’ yeast by this method 
also serves as acceptor of terminal nucleotides, but fractionation 
of this material has not vet been carried out. A particular 
type of RNA seems to be required as acceptor of terminal nu- 
cleotides, but species specificity for the source of the RNA is 
not indicated. The addition of the adenine nucleotide to the 
RNA naturally found in the pH 5 fraction and to free RNA 
isolated from the pH 5 fraction of the ascites cells is of the same 
order of magnitude. 

A study of the distribution of the enzymic activity in the 3, 
fraction of ascites cells, under conditions where the acceptor 
RNA is not limiting, shows that after one precipitation at pH 


* RNA isolated by the NaCl extraction procedure, described 
under “‘Methods,"’ was found by Hoagland et al. (3) to be inactive 
and was therefore not tried in this system. 
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Fic. 5. Effect of a nucleoside triphosphate-generating system 
on the labeling of the RNA of the pH 5 fraction at varying con- 
centrations of added ATP-C". Each tube contained 0.75 ml. of 
ascites cell pH 5 fraction in Medium B plus varying amounts of 
ATP-C" containing 190,000 c.p.m./gmole. Where indicated, 10 
gamoles of phosphopyruvate and 10 xg. of pyruvate kinase or 1.0 
gmole of NaF were added. The final volume was 1.0 ml. The 
incubation was carried out for 10 minutes at 37° with 95 per cent 
nitrogen, 5 per cent carbon dioxide in the gas phase. The ab- 
breviation PEP + kinase stands for phosphopyruvate plus pyru- 
vate kinase. 


5.2 only about 25 per cent of the total enzymic activity appears 
in the pH 5 fraction, and the remainder is present in the pH 5 
supernatant fraction (S,). The distribution of the RNA, 
however, does not follow that of the enzyme, and 85 to 95 
per cent of the RNA is precipitated at pH 5.2. The precipita- 
tion of the pH 5 fraction from 8S, of ascites cells thus results 
in nearly complete concentration of the soluble RNA and causes 
precipitation of sufficient enzyme to catalyze maximal addition 
of nucleotides to the RNA found in the preparation. In addi- 
tion it permits removal of possible cofactors and competing 
enzyme systems. 

Mechanism of Incorporation of Nucleotides into RNA— 
Substrate concentration curves for ATP, CTP, and UTP are 
given in Fig. 4. The reaction is dependent on the presence of 
magnesium ions, for which the optimal concentration is between 
2 and 8 mm under these experimental conditions. 

A comparison of ATP and ADP as precursors for nucleotide 
addition to RNA is illustrated in Table V. ATP is greatly 
superior as a substrate. In the presence of phosphopyruvate 
and pyruvate kinase, ADP is phosphorylated to ATP, and under 
these conditions the incorporation rate equals that obtained 
with ATP. In this case 95 per cent of the ADP was converted 
to ATP at the termination of the experiment, as demonstrated 
by chromatography of the acid-soluble fraction on Dowex 
1-formate. 

Additional evidence that ATP rather than ADP is the pre- 
cursor is shown in Fig. 5. The control curve requires a high 
initial concentration of ATP to reach maximal nucleotide in- 
corporation into the RNA, reflecting the presence of active 
ATPase. On the other hand, when the nucleoside triphosphate- 
generating system is present to counteract this degradative 
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reaction, maximal incorporation is reached at a lower concentra- 
tion of added substrate. The inhibition of the ATPase activity 
by fluoride also results in increased incorporation at low ATP 
triphosphate as precursor. 

A number of uracil nucleotides were considered as possible 
precursors of end group incorporation. The extent of the uracil 
nucleotide addition to the RNA in the presence of these com- 
pounds tested under a variety of conditions is shown in Table 
VI. The composition of the acid-soluble fraction at the end of 
the incubation period is also reported for each experiment. It 
is found that the uracil nucleotide is incorporated into the RNA 
only when UTP is added or is generated during the reaction. 

CTP serves as precursor for the addition of the cytosine nu- 


Taste VI 
Incorporation of uracil nucleotides into RNA 

The uracil nucleotides were incubated with 0.75 ml. of ascites 
cell pH 5 fraction (containing 180 sg. of RNA) for 20 minutes at 
37° in a total volume of 1.0 ml. with 0.0005 « ATP, 0.0037 « MgCi,, 
0.020 « KCI, and 0.037 « Tris buffer, pH 7.6. 10 smoles of phos- 
phopyruvate, 100 sg. of pyruvate kinase, and 0.5 ml. of 8, {rac- 
tion were added where indicated. The precursors used have the 
following specific activity values: UTP-C™, 100,000 ¢.p.m./smole; 
UDP-C™, 545,000 c.p.m./smole; UDP-C**-glucose, 71,000 ¢.p.m./ 
amole; UDP-C**-acetyiglucosamine, 70,000 ¢.p.m./smole. The 
mamoles incorporated/mg. of RNA are reported. 

The acid-soluble fraction was chromatographed on Dowex 
1-formate by gradient elution with 0 to 1 « ammonium formate, 
pH 5 (16). Carrier uracil nucleotides were added to locate the 
fractions. The acid-soluble fractions of Samples 1 to 4 were 
placed on 10 X 0.3 em. columns and a 150 ml. mixer was used. 
Samples 5 and 7 were chromatographed on 3) X 0.3 em. columns 
and a 350 ml. mixer was employed. In all cases complete separa- 
tions of the nucleotides were obtained. The distribution of the 
radioactivity among the different uracil nucleotide fractions is 
reported as the percentage distribution of the radioactivity pres- 
ent in the acid-soluble fraction after the incubation. 


smole UDP-C™-AG... 

2 smoles UDP-C™.G + 2 
gmoles PP + 0.5 mil. By 
fraction 7.6 

8. 2 emoles UDP.3"-AG + 2 

pmoles PP + 0.5 mi. Sy 


* PEP, phosphopyruvate; PK, pyruvate kinase; UDP-C'™.G, 
UDP-C"- glucose; UDP-C*-AG, 
PP, inorganic pyrophosphate. 

t Dashes indicate values not determined. 


recovered after ubstion 
| ume wpe ure) | 
1. l wmole UTP-C" oe 6.1 9.015.074. 
2.05 ysmole UTP-C" + 
PEP + PK 65 15 4.09.3 
3. 0.6 smole UDP-C™ 00 
4.06 gsmole UDP-C" + | | 
PEP + PK 6.1 2.7 0.799 | 
5. l UDP-C"™-G 00 0 2 
6. 
7. 
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Taste VII 
Inhibition of nucleotide i en by ‘ 

Experiment I: 1 smole of ATP-C** (200,000 c.p.m./smole) was 
incubated with 0.75 ml. of pH 5 fraction of ascites cells in Medium 
B for 10 minutes at 37° in a total volume of 1 ml. in the presence 
of the indicated additions. The gas phase was 95 per cent oxy- 
gen, 5 per cent COs. 

Experiments II and III: 1 smole of CTP-C"* or UTP-C** 
(200,000 ¢.p.m./smole) was incubated with 0.70 ml. of pH 5 frac- 
tion in Medium A for 10 minutes at 37° in a total volume of 1 ml. 
in the presence of the indicated additions. 2.54. of the crystal- 
line pyrophosphatase (kindly supplied by Dr. Kunitz) split 13 


gmoles of inorganic pyrophosphate/minute under the above con- 
ditions. Orthophosphate was determined on the acid-soluble 


fraction at the end of the incubation by the method of King (28). 


| Ortho 
I 
smole ATP-C™ | 1580 
nmole ATP.C + 5 smoles PP + 5 smoles | 
MgCls..... | 
1 umole ATP-C"* + 5 pmoles AMP — 
ATP-C™ + 20 paces P +. | 
MgCl; 
amole ATP.C* + 5 smoles PP + 5 
AMP + 10 smoles MgCl, 
Il 
smole CTP-C¥ + 5 smoles PP + 5 smoles | 
smole CTP-C¥ + 5 amoles PP + 5 smoles | 
MgCl, + 2.5 PPase 3000 10.45 
Experiment III | 
smole UTP-C¥ + 5 smoles PP + 5 smoles 
* PP, inorganic pyrophosphate; P, PPase, 
pyrophosphatase. 


cleotide to RNA equally well when it is added alone or in the 
presence of sufficient pyruvate kinase (200 yg./ml.) and 0.01 
« phosphopyruvate (27) to maintain the cytosine nucleotide 
as CTP (99 per cent). 

Inorganic pyrophosphate inhibits the incorporation of the 
adenine, cytosine and uracil nucleotides into RNA, as is shown 
in Table VIL. This inhibition can be overcome by the removal 
of inorganic pyrophosphate by means of pyrophosphatase. 
This observation contrasts with the lack of effect of pyrophos- 
phate on the incorporation of the adenine nucleotide into RNA 
reported by Edmonds and Abrams (12). AMP and orthophos- 
phate have no effect on the reaction. 

In the presence of P*-labeled inorganic pyrophosphate a 
reversal of the reaction can be demonstrated. Fig. 3 shows 
that the addition of pH 5 RNA enhances the incorporation of 
the cytosine nucleotide. It was therefore reasoned that the 
incorporation of labeled inorganic te into CTP 
might be stimulated by the addition of pH 5 RNA, and Table 
VIII shows this to be the case. Labeled inorganic pvrophosphate 


appears predominantly in CTP, and not in CDP or CMP, 
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Taste VIII 
Inorganic pyrophosphate incorporation 
into CTP in presence of RNA 

4 smoles of or P* (980,000 c.p.m./umole) were incubated 
with 1.0 ml. of ascites cell pH 5 fraction (containing 356 ug. of 
RNA) in a total volume of 4.0 ml. at 35° for 5 minutes in the pres- 
ence of 2 smoles of CTP and 0.4 smole of CDP; 0.001 « KF; 
0.005 « MgCl;; 0.037 « Tris buffer, pH 7.6; 0.020 « KCl; and vary- 
ing amounts of RNA prepared from the pH 5 fraction of rat liver. 
The acid-soluble fraction (0.5 smole of CMP was added as carrier) 
was chromatographed on a 20 X 0.3 cm. Dowex 1-formate column 
by gradient elution (16). 1.0 « ammonium formate, pH 5, was 
placed in the reservoir and a 300 ml. mixer was employed. 100 
drops were collected per tube. The separation obtained was: 
CMP Tubes 6 and 7; inorganic phosphate, Tubes 10 to 14; CDP, 
Tubes 19 to 24; inorganic pyrophosphate, Tubes 31 to 43; and CTP, 
Tubes 49 to 55. The cytosine nucleotides were adsorbed on 
Nuchar C, washed with HO to remove any contaminating P“™P* 
or P®, and eluted with 70 per cent ethanol, 0.14 s NHOH. The 
total radioactivity in each fraction is reported. After the incu- 
bation, 0.4 to 0.6 per cent and 97 to 99 per cent of the total radio- 
activity is present as orthophosphate and inorganic pyrophos- 
phate, respectively, when P"P" serves as precursor. 


Acid-soluble nucleotides 
Incubation® 

CDP CMP 

6pm. fract om 
| | 12] © 
2. 0.001 « + 960 wg. RNA 1 
3. 0.001 « + 1280 yg. RNA | wz jaz! 3 

| 
4. 0.001 + 12 


* PP, inorganic pyrophosphate; P, orthophosphate. 


and the labeling of CTP is proportional to the amount of RNA 
added. Labeled inorganic orthophosphate, on the other hand, 
is not incorporated extensively into CTP or CDP. Under 
these conditions where CTP and CDP are present, roughly 1 
per cent of the terminal CMP of the RNA was split. 

When 125 yg. of ribonuclease (Worthington Biochemical 
Corporation) are added to the pH 5 fraction in the presence of 
1.3 pmoles/ml. of ATP-C™, the labeling of RNA during a 20 
minute incubation at 37° is inhibited 99 per cent. 


DISCUSSION 


These data indicate that the nucleoside triphosphates of 
adenine, cytosine, and uracil serve as proximal precursors 
for the addition of mononucleotide units to the 3’ (or adjacent 
2’)-hydroxyl group of a terminal nucleoside of a particular type 
of RNA. The general formulation, nucleoside-PPP + RNA = 
nucleoside-P-RNA + PP, fits the data where the nucleoside 
is adenosine, cytidine, or uridine. The situation with respect 
to the guanine nucleotide, however, requires further clarification. 
The terminal 3’ (or adjacent 2’)-hydroxy! group of the RNA 
displaces the inorganic pyrophosphate of the nucleoside tri- 
phosphate, a* indicated by two pieces of evidence, (a) the in- 
hibition of the forward reaction by inorganic pyrophosphate, 
and (6) the labeling of CTP by labeled inorganic pyrophosphate 
in the presence of pH 5 RNA and the pH 5 fraction. Where 
ATP ix the precursor, reversibility of this type of reaction is 
more «difficult to demonstrate unequivocally because of the 


|| 
ntra- 
ivity 
ATP 
racil 
com- 
able 
nd of 
nu- 


pyrophosphate exchange reaction with ATP, which occurs in the 
same cell fraction in the presence of amino acids (29). 

The experiments indicate a sequential addition of the cytosine 
nucleotide and thereafter the adenine nucleotide to the RNA. 
Preincubation or reprecipitation of the pH 5 fraction seems to 
result in a loss of available sites where the adenine nucleotide 
can be added, but in the presence of CTP these sites are restored. 
GTP causes a partial stimulation of the incorporation of the 
adenine nucleotide under conditions where it is not incorporated. 
An explanation for this observation cannot be given at present. 

berg-Manago et al. (30) and by Hilmoe and Heppel (31) in 
important particulars. The precursor is nucleoside 
rather than diphosphate, and there is no net synthesis of RNA, 
but rather an addition of nucleotides to existing RNA at the 
end bearing free 3’- and 2’-hydroxyl groups. The possibility 
of total synthesis of RNA by this mechanism under different 
conditions is not excluded. The mechanism of this reaction is 
analogous to that found for the synthesis of DNA by Kornberg 
et al. (32). 

It is of interest to note that free pH 5 RNA added to the en- 
zyme system serves as the best acceptor of nucleotides. Whether 
the superiority of this RNA is due only to the difference in 
chain length of the RNA found in the pH 5, microsome, and 
nuclear fractions or is also due to a specificity of the type of RNA 
molecule remains to be determined. Some of the properties 
of the pH 5 RNA have been described by Hoagland et al. (3). 
This fraction of RNA is not homogeneous, but its average 
molecular weight is relatively much smaller than that of the 
microsomal fraction (33). From the data in Table I, it can 
be calculated that under the best conditions for incorporation 
of the adenine nucleotide, approximately 1 nucleotide is in- 
corporated into terminal phosphodiester linkage per 98 nu- 
cleotide residues, assuming an average molecular weight of a 
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mononucleotide residue of 340. This would be consistent with 
an average polynucleotide molecular weight of 33,000. 

The incorporation of amino acids into the pH 5 RNA or 
into a polynucleotide fraction has been described recently (2, 
3, 34-39). The finding of a dependence of the amino acid 
binding to soluble RNA upon the addition of these specific 
nucleotide end groupings to the RN A suggests that the incorpora- 
tion of these nucleotides provides the functional sites for the 
binding of the amino acids to the RNA (40). 


The nucleoside triphosphates of cytosine and adenine, and to a 
smaller extent uracil, serve as proximal precursors for the in- 
corporation of the nucleoside monophosphates into the ribo- 
nucleic acid of the supernatant fraction of Ehrlich ascites 
carcinoma cells in vitro. Cytosine- and adenine-5’-nucleotides 
are added to the ribonucleic acid in sequence, and the latter 
is predominantly terminal. Free ribonucleic acid, isolated 
from the supernatant fraction and added to the incubation 
system, also serves as acceptor of these nucleotides. Equal 
quantities of microsomal or nuclear ribonucleic acid are almost 


An unsubstituted 3° (or adjacent 2’)-hydroxyl group of the 


organic pyrophosphate and ribonucleic acid in the presence of 
the enzyme system. 

Acknowledgment—The authors are indebted to Drs. Mahlon 
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linkage. The reversibility of the reaction is shown by the syn- 
thesis of labeled cytidine triphosphate from P-labeled in- 
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Pyridine Nucleotide Metabolism: Mechanism of Action of the 


Niacin Antagonist, 6-Aminonicotinamide’ 
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6-Aminonicotinamide has been reported to be a powerful 
niacin antagonist (1) and effective against certain experimental 
neoplasms (2-4). A compound tentatively identified as the 
6-AN' analogue of DPN has been isolated from tissues of 6-AN- 
treated animals and synthesized enzymatically employing pig 
brain DPNase (2). Our interest in antimetabolites of vitamins 
and their mechanism of action led us to explore the metabolic 
action of this new compound. 

We have isolated from 6-AN-treated mice the 6-AN analogue 
of DPN and TPN and have synthesized these compounds in 
vitro. These nucleotide analogues, contrary to the report of 
Johnson ef al. (2), undergo none of the addition reactions which 
occur with normal pyridine nucleotides, i.e. hydrosulfite reduc- 
tion or cvanide, acetone, and dihydroxvacetone addition. 

Administration of 6-AN to mice causes a marked reduction in 
the activity of DPN-~dependent mitochondrial systems, §- 
hydroxybutyrate and a-ketoglutarate dehydrogenase. In the 
755 adenocarcinoma, where a relatively low enzymatic ca- 
pacity to carry out oxidative phosphorylation is coupled with 
a high energy requirement, (indicated by the very rapid growth 
of the tumor), marked lowering of the ATP and ADP, and in- 
creases in the AMP concentration were observed upon the ad- 
ministration of 6-AN. 


METHODS AND PROCEDURES 


Isolation of Nucleotides from Mouse Tissue—C57 black mice 
were decapitated 18 to 22 hours after receiving a single intra- 
peritoneal injection of aqueous 6-AN solution (200 mg. /kilo) 
in the 6-amino-DPN and 6-amino-TPN studies. In the studies 
concerning the effect of 6-AN on natural nucleotides, the ani- 
mals received 6-AN at a level of 8 mg./kilo/day for 4 consecutive 
days and were sacrificed on the 5th day. 

All tiskues were immediately removed and frozen in dry ice- 
acetone. The frozen tissues were blotted, weighed, homogenized 


* Supported by grants-in-aid from the Williams-Waterman 
Fund, National Vitamin Foundation and The United States 
Public Health Service (CY -2446 (C2) CY). 

¢ Present address, Department of Biochemistry, University 
of Miami School of Medicine, Coral Gables, Florida. 

A preliminary report has appeared (Friedland, I. M., Kaplan, 
L. A., Dietrich, L. 8. and Shapiro, D. M., Federation Proc., 17, 
224 (1955)). 

*The abbreviations used are: 6-AN, 6-aminonicotinamide; 
6-amino-DPN, 6 aminonicotinamide analogue of DPN; 6-amino- 
TYN, 6-aminonicotinamide analogue of TPN; CDP, cytidine 
diphosphate. 


in 9 volumes of 3 per cent HCIO, and centrifuged in the cold. 
The nucleotides were adsorbed on acid-washed Nuchar (West 
Virginia Pulp and Paper Company) (5), 300 mg./gm. wet weight 
of tissue, with frequent agitation in the cold. Adsorption was 
complete after approximately 20 minutes. The Nuchar was 
collected and washed with cold water until the washings were no 
longer acid. The charcoal containing the adsorbed nucleotides 
was transferred to a column (15 mm. in diameter) containing s 
glass wool plug and a packing of Celite 545 Johns-Manville 
Products (about 25 mm. thick). The column was washed 
with ethanol, concentrated ammonium hydroxide, and water 
(60:2:38)* at a rate of approximately 2 ml./minute until the 
eluate was free of material adsorbing at 260 my. The eluate 
was concentrated to dryness in a vacuum and redissolved in 
either water or 60 per cent ethanol. 

In the studies of the effect of 6-AN on the natural nucleotides 
isobutyrate system of Magasanik ef al. (6). The areas occupied 
by ATP, ADP, AMP, and the remaining 5’-polyphosphate 
nucleotides’ were cut out. Adjacent areas of identical dimen- 
sions free of ultraviolet absorbing materials served as paper 
blanks. All samples and blanks were cut into small pieces and 
eluted overnight, in the cold, in 3.5 ml. of 0.1 « phosphate buffer 
(pH 7.4). The ultraviolet absorption spectrum of supernatant 
material was determined by the use of a Beckman model DU 
spectrophotometer. 

Chromatographic Purification of 6-Amino-DPN and 6-Amino- 
TPN—The eluates containing the analogues were applied to 
sheets of Whatman 3MM paper as lines about 5 mm. wide in 
concentrations of 10 to 15 optical density units/1 em. area of 
paper. Employing this heavy paper minimizes the danger of 
overloading and the subsequent tailing that usually occurs. 

The sheets were developed in isobutyrate (6) for 18 to 24 hours, 
by using the ascending technique. 

The dried sheets were examined in the dark using a mercury 
lamp* filtered to give light predominantly of a wave length of 
254 mg. The areas occupied by 6-AN and its derivatives were 
determined* and cut out as strips, care being taken to retain 


*K. K. Teuboi and T. D. Price, private communication. 

*All the guanosine, uridine and cytidine 5'-polyphosphate 
nucleotides with the exception of CDP move as a single component 
in the isobutyrate system. 

* Mineralight, Ultra-Violet Products, Ine., South Pasadena, 
California. 

°6-AN and its derivatives can be detected by blue fluorescence 
to 204 my light providing that the compounds are in the acid form. 
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only those regions free of DPN or TPN. This procedure caused 
no problem in the case of 6amino-TPN, since TPN and its 
&AN analogue are well separated under these conditions. Very 
low vields were obtained, however, in the case of 6-amino-DPN, 
since its Ry, is similar to DPN (Fig. 1). The paper «trips were 
eluted by descending chromatographic technique with 0.02 
NaHCO, All the 6amino-DPN or 6amino-TPN came off 
in the first 2 to 3 mi. of solvent which dripped off the bottom of 
the strip. This material was concentrated in a vacuum. Re- 
sidual traces of DPN and TPN were removed by repeating the 
Formation of 6-Amino-DPN and 6-Amino-TPN Using Pig 
Brain DPNase—An acetone powder of pig brain served as the 
warce of DPNase. 40 mg. of acetone powder and 12 mg. of 
finely powdered 6-AN were homogenized in 5 ml. of 0.05 
phosphate, pH 7.4. Before incubation, 2 mg. of solid DPN or 
The suspension was incubated at 37° for | hour and the reac- 
tion stopped by the addition of an equal volume of 10 per cent 
trichloroacetic acid. As many as eight similar preparations were 
run <imultaneously and the contents pooled after the termination 
of the reaction. Attempts to run one large reaction mixture 
resulted in much lower yields and were subsequently abandoned. 
the came adsorption procedure for the preparation 
except that SO mg. of charcoal and 10 ml. of ammoniacal aqueous 


was prepared from acetone powder of pigeon liver by the pro- 
cedure of Wang and Kaplan (7). The isolation procedure was 
stopped just before the alumina Cy adsorption. Each reaction 
vessel] contained 1 mi. of purified 6amino-DPN (synthesized 
with DPNase or isolated from 6-AN-treated animals), 3 mi. of 
0.05 « phosphate, pH 7.4, 0.5 ml. of 0.01 « ATP, and 1.0 ml. 
of DPN kinase preparation. The reaction was carried out at 
37° for 1 hour and stopped by the addition of an equal volume 
of cold 10 per cent trichloroacetic acid. The nucleotides were 
isolated for chromatographic evaluation by the same procedure 
used for the DPNase studies. 

Localization of N-substituted Nicotinamide Derivatives in 
Paper—DPN and TPN were distinguished from the other 
nucleotides by spraying a desired section of the chromatogram 
with 0.01 per cent dihydroxyacetone in 10 per cent Na CO, 
The damp paper was placed in an oven (100°) for 5 minutes and 
then viewed by ultraviolet light (365 my). The pyridinium 
ions, DPN, TPN, nicotinamide riboside, nicotinamide mono- 
nucleotide, and N-methyl nicotinamide, fluoresce an intense 
light blue. This procedure is specifie and more sensitive than 
the conventional absorption techniques. 

Enzymatic Studies—CS7 black mice bearing the 755 tumor* 
were administered 6-AN intraperitoneally at a level of S mg_/ 
kilo /day for 4 consecutive days and sacrificed by decapitation 
on the Sth day. The tumor tiue was removed and chilled in 
crushed ice, blotted dry, weighed, and homogenized in a glass 
homogenizer of the Potter type (9). 

__ Lactic ackl and +-phosphoglycerakdehyde dehydrogenase 


When papergrams are developed with acidic solvents, these 
compounds are found to remain in the fluorescent state 


* The 755 adenocarcinoma is « transplantable tumor. Treat. 
ment began 15 days after transplantation. Description of the 
transplant techniques are presented elsewhere (8). 
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activities were followed spectrophotometrically employing the 
procedures of Neilands (10) and Cori ef al. (11), respectively. 
The clear supernatant material obtained upon centrifuging 
isotonic KC] tumor homogenates at 23,000 x g for 20 minutes 
served as the source of enzyme. In the &hydroxybutyrate 
amd a-ketoglutarate studies, the tieues were homogenized in 
0.25 sucrose containing 0.02 nicotinamide and 0.004 Ver- 
sene (disodium salt of ethylenediaminetetraacetic acid, Dow 
Chemical Company). The ability of the timue homogenates to 
convert 3-hydroxybutyrate to acetoacetate was measured as 
follows: MgCl,, 0.01 ATP, 0.0014 nicotinamide, 0.06 
potassium phosphate buffer (pH 7.4), 0.015 s; and OS ml. of 
a 25 per cent tumor homogenate was added to ice cold reaction 
vessels. Immediately before incubation, 3-hydroxybutyrate, 
0.01 «, was added. The final volume of the reaction mixture 
was 2 mi. All reactants were neutralized with KOH before 
addition. The reaction was carried out at 37° with agitation 
for 30 minutes and the reaction stopped by the addition of 0.5 
ml. of 15 per cent trichloroacetic acid. Acetoacetate analyses 
(12) were carried out on the supernatant material obtained upon 
centrifugation. No endogenous acetoacetate is present in either 
control or treated tumor. The oxidation of a-ketoglutarate was 
measured i . Each Warburg vewel contained 
0.2 ml. of 15 per cent KOH in the center well. The following 
reactants were added to the main compartment: MgCl,, 0.008 
ATP, 0.001 malonate, 0.008 nicotinamide, 0.048 
potassium phosphate buffer (pH 7.4). 0.012 u; a-ketoglutarate, 
0.008 «; 0.5 ml. of a 20 per cent tumor homogenate and isotonic 
KCI to give a total volume of 2.5 ml. After a 5 minute equili- 
bration, oxygen consumption was measured for 15 minutes at 
37°. All reactants were neutralized with KOH before addition. 


A schematic summary of the chromatographic studies is 
presented in Fig. 1. In the “Control” lane are shown localiza- 
tions of pure DPN, TPN and 6AN when these compounds are 
initially applied as a mixture. The lane labeled “Kidney” 
shows the pyridine derivatives present in the crude nucleotide 
fraction from the kidneys of mice which received &AN. DPN 
and TPN were present along with two abnormal components 
containing AN. Elution and qualitative examination of the 
deposits containing AN revealed the presence of adenine, 
pentose, phosphate, and @AN in beth. Under these conditions, 
the faster moving AN nucleotide was found in all tieues «tud- 
ied: liver, kidney, heart, brain, and tumor (755 adenocarcinoma). 
The slower moving AN nucleotide was, at the concentrations 
studied, detectable only in liver and kidney. 

Studies with @AN and DPN im the presence of pig brain 
DPNase (Fig. 1, DPNase, DPN) resulted in « nucleotide con 
taining AN which ran slightly ahead of DPN. These obser- 
vations are similar to those of Johnson ef al. (2). Similar «tucies 
with TPN (DPNas, TPN) vielded « slower moving @AN 
nucleotkle. Since DPNas catalyaes the ewhangre of pyridine 
moieties, the two GAN nuclotiles were tentatively klentified 
as the & AN analogues of DPN and TPN. 

Confirmation of identification was obtained by the incubation 
of the tentative DPN analogues (oleate! from teeue extracts 
or synthesized with DPNas) with the DPN kinase preparation 
(Fig. 1). In both instances there was a nuckotkle containing 
wally sumilar to that obtaumed by the reac- 
tion of TPN and GAN with DPNaw, or the dower moving 
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Fic. 1. Schematic summary of chromatographic studies on 6-amino-DPN and 6-amino-TPN. The shaded areas represent 6-AN 
or nucleotides containing6-AN. The open areas are either TPN or DPN as indicated; control, mixture of pure TPN, DPN and 6-AN; 
kidney, DPN, TPN or analogues found in acid soluble fraction of kidneys from the mice treated with 6-AN ; DPNase (DPN), result 
of incubating 6-AN and DPN with DPNase; DPNase (TPN), result of incubating 6-AN and TPN with DPNase; DPN kinase, effect 


of incubating 6-amino-DPN with DPN kinase. See text for details. 


of Magasanik et al. (6). 


6-AN component isolated from 6-AN treated animals. Since 
DPN kinase converts DPN to TPN, additional support is given 
for the belief that these two nucleotides containing 6-AN are 
the 6-AN analogues of DPN and TPN. 

Analogues of DPN have been reported in which the nicotina- 
mide moiety has been replaced by isonicotinic acid hydrazide 
(13-15), 3-acetylpyridine (16-18), and 4-amino-5-imidazole 
carboxamide (19). The 3-acetylpyridine analogue of TPN has 
also been synthesized in vitro (17). When these compounds are 
administered in vivo, they are, with the exception of 3-acetyl- 
pyridine, devoid of antiniacin activity. Only in the case of the 
3-acetylpyridine, has the DPN analogue been found in the tissues 
of animals treated with antagonist (20). 

The absorption spectra of the isolated 6-amino-DPN and 
6-amino-TPN are presented in Figs. 2 and 3, respectively. The 
spectra of the two compounds are at all points almost identical. 
Cyanide is known to form a complex with either DPN or TPN 
that can be detected spectrophotometrically (21). No spectral 
alterations were observed when these 6-AN analogues were 
treated with cyanide. Similar results have been reported by 
Anderson (22) that confirm our findings that cyanide does not 
form an addition product with 6-AN. 

Reactions involving the addition of substituents at the 4 posi- 
tion of the 6-AN analogues are either absent or fail to produce 
the characteristic fluorescence and alterations in absorption 
spectra which normally occur following hydrosulfite reduction 
(23) or addition of cyanide (21), acetone (24), or dihydroxyace- 
tone (25) to either DPN or TPN. Thus, the presence of an 
amino group at the 6 position of the nicotinamide molecule, 


The solvent employed was the acid ammonium isobutyrate system 


either (a) prevents the normal addition reaction at position 4, 
or (6) inhibits the spectral changes expected to occur when 
such an addition does take place. We are tentatively assum. 
ing that the presence of an amino-grouping at position 6 of the 
nicotinamide moiety of DPN or TPN inhibits the normal ad- 
dition reactions. Extending the assumption to biochemical addi- 
tion reactions, the product of combination of apoenzyme and 
6-amino-DPN or 6-amino-TPN would be a pseudo-coenzyme- 
apoenzyme complex lacking the ability to carry out the role 
of hydrogen and electron acceptor played by the normal coen- 
zyme in DPN-or TPN-catalyzed dehydrogenation processes. 

Support for the view that 6-AN is interfering with DPN fune- 
tion is supplied by animal experiments. Administration of 6-AN 
to mice results in a powerful inhibition of various DPN~<lepend- 
ent enzymatic systems. The results obtained in the 755 tumor 
are presented in Table I. Similar enzymatic results have been 
obtained with other tissues’ Lactic acid dehydrogenase is un- 
affected. 3-Phosphoglyceraldehyde dehydrogenase, the conver- 
sion of 8-hydroxybutyrate to acetoacetate (3-hydroxybutyrate 
dehydrogenase) and a-ketoglutarate oxidase are markedly in- 
hibited. These results are in keeping with previous studies re- 
garding the effect of vitamin antagonists on the activity of 
enzymes dependent on the vitamin containing coenzyme (26, 
27). 

Previous studies have shown that these enzymatic changes are 
probably not due to interference of cofactor synthesis by 6-AN 
since no changes in tissue DPN concentration (4) or total pyr- 
idinium ion’ is observed during treatment with 6-AN. 


’L. 8. Dietrich and D. M. Shapiro, unpublished data. 
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The three inhibited systems play important roles in the energy 
economy of the cell. 3-Phosphoglyceraldehyde dehydrogenase 
catalyzes the anaerobic production of high energy phosphate 
from inorganic phosphate. 3-Hydroxybutyrate and a-ketoglu- 
tarate dehydrogenases are mitochondrial restricted systems 
coupled with oxidative phosphorylation. The 755 tumor has a 
relatively low ability to carry out the respiratory processes in- 
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Taste 
Effect of 6-aminonicotinamide administration om the activities of 
various DPN -dependent enzymatic systems 


| Enzymatic Activity* 
| Control «AN treated? 
| 
Lactic acid dehydrogenase 192 (144-222) 192 (168-208) 100 
3-Phosphoglyceraldehyde j= (96-105) 57 (21-78) | 
dehydrogenase | 
8-Hydroxybutyrate con- | 62404 19204 3 


version to acetoacetate | 
a-Ketoglutarate oxidase 230 (220-240) 40 (37-45) 


* Enzymatic activity of homogenates of the 755 adenocarcin- 
oma grown in C57 black mice is shown. All values except for the 
8-hydroxybutyrate are from three experiments each consisting of 
tissue pooled from three animals. The range of values is in 
parenthesis. The 8-hydroxybutyrate values are an average of 
10 individual animals; the standard error is included. 

The units are: lactic acid and 3. phosphoglyceraldehyde dehy - 
drogenase; SEus/minute/mg. tissue wet weight X 1000; aceto- 
acetate production SEus/) minutes/gm. tissue wet weight; 
a-ketoglutarate oxidase yw O, taken up/15 minutes/gm. tissue 
wet weight. 

¢ 6-Aminonicotinamide was given intraperitoneally at the level 
of 8 mg./kilo for 4 consecutive days. The animals were sacri- 
ficed on the Sth day. 


2.00 
1.80 


Fic. 4. Effect of 6-aminonicotinamide administration on the 
acid soluble nucleotides of the 755 tumor. All calculations are 
based on the reported molar absorbance index for the adenosine 
derivatives, at 200 my (31). Values are the average of three 
separate experiments each consisting of 10 or more pooled tumors. 


volved in oxidative phosphorylation.’ This low respiratory 
capacity is coupled with a very high energy requirement as can 
be surmised by its obligatory state of rapid growth. If the ad- 
ministration of 6-AN produces a powerful antagonism of these 
enzymes associated with anaerobic and oxidative phosphoryla- 
tion in vivo, then the efficiency of high energy bond synthesis 
should be markedly lowered. In a tixeue with extremely high 
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requirements for energy, such as the 755 tumor, one might ex- 
pect a state of energy deficiency to develop. This would be 
evidenced in a manner similar to that observed in respiring mito- 
chondria which have been exposed to dinitrophenol or cyanide. 
In these cases (28), the concentrations of the 5’-polyphosphate 
adenosine nucleotides decrease and the AMP increases. Such is 
apparently the case in regard to the 755 tumor under the influ- 
ence of 6-AN (Fig. 4). The AMP level in the 6-AN treated 
tumors was increased 3-fold, while the ADP and particularly 
ATP were greatly decreased. The decrease in the level of ATP 
is actually greater than indicated, since in the one dimensional 
isobutyrate system employed, GMP, IMP, UMP, CDP}? coen- 
zyme A disulfide, and the acid altered product of DPNH,' move 
with the ATP. Of the contaminating compounds, GMP and 
UMP were increased by 6-AN therapy.’ The others, with the 
possible exception of CDP, are unaltered by treatment.’ These 
data would suggest that the action in vivo of 6-AN is one of re- 
placing a normal coenzyme with a faulty one, i.e. one which is 
unable to function as an electron and hydrogen carrier. 
SUMMARY 

6-Aminonicotinamide, a powerful antagonist in rivo of niacin, 
was demonstrated to be converted, in vivo and in vitro, to ana- 
logues of DPN and TPN. Absorption spectra of these nucleo- 
tides have been determined. 

From the failure to produce spectral changes, it is deduced 
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that these analogues undergo none of the typical addition reae- 
tions of the normal pyridine nucleotides, i.e. hydrosulfite re. 
duction or reaction with cyanide, acetone, and dihydroxyacetone. 

The effect of 6-aminonicotinamide administration on the se- 
tivities of several DPN-dependent enzymatic systems in the 755 
tumor are reported. Lactic acid dehydrogenase is unaffected, 
while 3-phosphoglyceraldehyde dehydrogenase, the conversion 
of 8-hydroxybutyrate to acetoacetate, and a-ketoglutarate oy- 
idase activities are markedly inhibited. 

That the inhibition of these systems dealing with high energy 
bond synthesis is operative in vivo, is suggested by the observa- 
tions that the administration of 6-aminonicotinamide markedly 
lowers the level of ADP and ATP, and greatly increases the con- 
centration of AMP in the 755 tumor. 

It is postulated that this niacin analogue exercises its inhibi- 
tory effect in vivo only after it is converted to nonphysiological 
nucleotide analogues of DPN and TPN. These may become at- 
tached to available apo-dehydrogenase, but be incapable of 
functioning in hydrogen and electron transfer reactions essential 
to the normal metabolism of the cell. 
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Enzymatic Reduction of Dihydrofolic Acid*t 


M. J. Ospount ano F. M. Hvennexkens 


From the Department of Biochemistry, University of Washington, Seattle, Washington 
(Received for publication, February 3, 1958) 


It has been well establiched from numerous investigations, 
reviewed elsewhere (2-4), that “active formate” and “active 
formaldehyde” consist of the formyl (—CHO) and hydroxy- 
methyl (—CHOH) groups bound to tetrahydrofolie acid, FH,.' 
The formation of the coenzyme, tetrahydrofolie acid (and the 
further conversion to folinie acid, FH, from the vitamin, folie 
acid, has been studied in tissue slices (5) and in microorganisms 
(6,7). 

A possible mechanixm of this process is a two-stage reduction 
involving the intermediate formation of dihydrofolie acid, FH>. 
Considerable variation in the nature of the reducing agent has 
been observed in different systems. Thus, Miller and Waelsch 
(8) found that TPNH reduced folie acid in mammalian liver prep- 
arations, whereas Wright ef al. (9, 10) observed that a bacterial 
system required the concomitant operation of the pyruvic oxidase 
evstem for the folic acid to the dihydrofolie acid step. Green- 
berg (11) noted in pigeon liver preparations a requirement for 
DPNH in the reduction of dihydrofolie to tetrahydrofolic acid. 
Recently, Futterman (12) has partially purified an enzyme svs- 
tem from chicken liver, which carries out both a TPNH-«le- 
pendent reaction of folie acid to dihydrofolie acid and a TPNH- 
or DPNH-dependent reduction of dihvdrofolic to tetrahvdrofolic 
ack, whereas Zakrzewski and Nichol (13) have isolated a similar 
TPNH-linked enzyme system that converts folie acid to tetra- 
hydrofolie acid from acetone powder extracts of chicken liver. 

The present communication describes the partial purification 
from chicken liver and properties of the enzyme, dihydrofolic 
reductase, which carries out only the reaction shown in Equation 


FH, + TPNH + H* = FH, + TYN* (1) 


The strong, noncompetitive inhibition of this enzyme by the 
folic acid antagonists, Aminopterin and Amethopterin (Lederle), 
has been reported previously (1). 


* This work has been supported by grants from the United 
States Public Health Service (CY -3310) and the Life Insurance 
Medical Research Fund. 

t This is Paper VII in the series “Folic Acid Coenzymes and 
Active One-Carbon Units." (For Paper V1, see Osborn ef al. (1). 

3 Research Fellow of the National Institute of Arthriti« and 
Metabolic Diseases, National Institutes of Health, United States 
Publhe Health Service. 

' The abbreviations used are: 7,8-dihydrofolie acid; 
FH,, 5,6,7,8-tetrahydrofolie acid; {*FH,, N*-formy! tetrahydro- 
folie acid; hFH,, hydroxymethyl! tetrahydrofolic acid; {°FH,, 
N"-formyl tetrahydrofolie acid; N*,N**-methenyl 


tetrahydrofoliec acid; N'*-formyl folie acid. 


EXPERIMENTAL 


Materiale—Chemicals were obtained from the following 
sources: folic acid from the California Foundation for Biochemi- 
eal Research; TPN, TPNH, DPNH, glucose-6-P, and glucose- 
6&P dehydrogenase from the Sigma Chemical Company; GSSG 
from the Sehwarz Laboratories; and protamine sulfate from the 
Mann Laboratories. 

Dihvdrofolie acid was prepared* by the catalytic hydrogena- 
tion of folie acid over platinum oxide or palladium on charcoal 
in a basic solution according to the method of O'Dell et al. (14); 
2 atoms of hydrogen were taken up per mole of folie acid. After 
removal of the catalyst by filtration, the aqueous solution was 
neutralized, 2-mereaptoethanol (to minimize air oxidation) was 
added to a final concentration of 0.02 m, and the solution was 
lyophilized to dryness. 

The absorption spectra of FH, at pH values of 1.0, 7.5, and 
13.0 are compared in Fig. 1. At pH 7.5 the material has an ab- 
sorption maximum at 283 my = 19 10° mole) and an 
absorption minimum at 253 my. The spectral characteristics 
of FH, are in good agreement with those reported by O'Dell 
et al. (14), Wright and Anderson (9, 10), and Futterman (12). 
The compound migrated with R, values of 0.18, 0.07, and 0.24, 
respectively, in three solvent systems: (a) 0.1 1 phosphate buffer, 
pH 8.0, containing 0.2 per cent mercaptoethanol; (6) 1.0 Mt so- 
dium formate-2 per cent formic acid, containing 0.2 per cent 
mercaptoethanol; and (¢) 0.1 glycine buffer, pH 9.5, containing 
2 per cent sodium Versenate (ethylenediaminetetraacetate) and 
0.2 per cent mercaptoethanol. FH, appeared as a bluish white 
spot when the paper chromatograms were examined under ul- 
traviolet light. 

Tetrahydrofolie acid was prepared by the catalytic hydrogena- 
tion of folie acid in glacial acetic acid according to the method of 
O'Dell et al. (14), as modified by Hatefi ef al. (15). Hydroxy- 
methyl tetrahydrofolic dehydrogenase was prepared from chicken 
liver as deseribed previously (15, 16). Glutathione reductase 
was isolated from yeast by Racker’s method (17). Caleitum 
phosphate gel was prepared by the method of Keilin and Hartree 
(18). 

Methods—The assay for dihydrofolie reductase was carried out 
in the Beckman model DU spectrophotometer. The following 
components were added to a siliea cuvette having an optical 
path of 1 em. and a volume of approximately 1.5 ml.: 50 umoles 
of phosphate buffer, pH 7.5; 0.1 wmole of FH,, 0.1 umole of 
TPNH; 10 pmoles of 2-mercaptoethanol; and water to make 
1.25 ml. After an initial, stable optical density at 340 my had 


* We are indebted to Dr. P. T. Talbert and Mr. J. G. Ozols for 
carrying out these preparations. 
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Fic. 1. Absorption spectra of dihydrofolic acid 
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been reached, the reaction was started by the addition of 0.01 
to 0.05 ml. of enzyme. The optical density showed a linear de- 
crease over a 5 minute interval owing to the disappearance of 
TPNH. The rate was corrected for the small, blank reactions 
wherein FH; or TPNH were omitted. 1 unit of enzyme is de- 
fined as that amount which causes a decrease in optical density 
of 0.010 per minute under the conditions of the above assay. 
Protein was determined from optical density measurements at 
280 my with the use of crystalline bovine serum albumin as the 
standard. Specific activity is defined as units of activity per 
milligram of protein. 

Experiments involving changes in the absorption spectra of 
folic acid derivatives were carried out in the Cary recording 
spectrophotometer, model 11M. 

A partial purification of the FH; reductase from chicken liver 
acetone powders was accomplished in the following manner. All 
operations were carried out at 0-5° and centrifugations were 
performed at 2300 x g for 15 to 30 minutes in the International 
refrigerated centrifuge, model PR-1. 10 gm. of acetone powder 
(prepared by the method described previously (9)) were extracted 
with stirring for 1 hour with 60 ml. of 0.05 « phosphate buffer, 


Taste I 
Purification of FH, reductase 
Reductase 
Fraction Volume | | Protein 
Acetone powder extract 45 3960 ° ° 
Supernatant fraction af- 

ter protamine treat- 

63 3360 37 1.4 
10 to 17% ethanol fraction s 1125 37 3.8 
17 to 25% ethanol fraction 7 934 14 9.3 
Eluate from calcium phos- 

phate gel.............. 6 WA 6.6 24.1 

* Not determined. 
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pH 7.5. After centrifugation the supernatant fluid (45 ml.) was 
treated with 0.3 volumes of 2 per cent protamine sulfate. After 
addition of the protamine the solution was stirred for 5 minutes 
and centrifuged, and the precipitate was discarded. The super. 
natant fluid was dialyzed for 5 to 6 hours against distilled water, 


and any precipitate that formed during this time was removed | 
At this point the preparation — 


by centrifugation and discarded. 
could be stored frozen without loss of activity. 0.1 « ZC), 
(pH 6.0) was added to the preparation to make a final concen- 
tration of 10-* w and the pH was adjusted to 6.0. After being 
stirred for 5 minutes, the mixture was centrifuged and the precip- 
itate was discarded. The supernatant fluid was fractionated at 
pH 6.0 with ethanol (previously cooled to —70°). The tempera- 
ture of the enzyme solution was kept as low as possible, usually 


approximating —10° at the end of the fractionation. The pre- | 


cipitates appearing between 10 and 17 per cent ethanol and be- 
tween 17 and 25 per cent ethanol were collected separately by 
centrifugation (at —7°) and were dissolved in a minimal volume 
of water. The 17 to 25 per cent fraction, which had the higher 
specific activity, was adjusted to a protein concentration of 6 to 
8 mg./ml. and was treated with | volume of calcium phosphate 
gel (17.5 mg./mi.). The pH was adjusted to 6.0, the mixture 
stirred for 5 minutes, centrifuged, and the supernatant fluid dis- 
carded. The gel was washed twice with water and the enzyme 
eluted with two portions (3 ml. each) of 0.1 « phosphate buffer, 


pH 7.5. The 10 to 17 per cent ethanol fraction also contained — 


considerable amounts of enzyme and could be refractionated with 
ethanol and treated with calcium phosphate gel. 

A summary of the purification procedure is given in Table I; 
approximately a 25-fold purification was achieved, and the en- 
zyme was recovered in a 24 per cent over-all yield. In Futter- 
man's preparation of a similar system from the supernatant frac- 
tion of chicken liver homogenates (12) a 15-fold purification and 
a 14 per cent recovery were achieved by similar fractionation 
techniques. It is difficult, however, to compare the specific ac- 
tivity of the two preparations since different assay systems were 
used. 


At the final stage the enzyme is stable to lyophilization and to | 


storage in the frozen state. After the ethanol fractionation the 
enzyme is no longer stable to dialysis. Heating the enzyme to 
50° for 2 minutes resulted in a loss of about 50 per cent of the 


activity. 
The partially purified enzyme preparation is colorless and free 
from the enzymes serine hydroxymethylase (19), hydroxymethyl 
tetrahydrofolic dehydrogenase (15), and cyclodehydrase (20), 
but still contains cyclohydrolase (21). The dihydrofolic reduc- 
tase has also been detected in acetone powder extracts of pigeon 
and beef liver, but the enzyme is less stable in these tissues. 


Oxidation of FH, to FH ;—When freshly dissolved in phosphate 
buffer at pH 7.5, preparations of FH, undergo a series of rapid 
spectroscopic changes over a period of 5 to 10 minutes. A typi- 
cal experiment is shown in Fig. 2. The single absorption maxi- 
mum of FH, at 298 my is replaced by a new band having a maxi- 
mum at 282 my and a slight shoulder on the long wave length 
side. The extinction coefficient of the principal band is also 
decreased slightly during this transformation. The absorption 
spectrum of the product closely resembles that of authentic FH; 
as synthesized chemically by O'Dell ef al. (14) and enzymatically 
by Wright and Anderson (9, 10). Air oxidation of FH, ix known 
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Fic. 2. Changes in absorption spectrum of tetrahydrofolic acid 
upon standing. FH, was dissolved in 0.05 « phosphate buffer, 
pH 7.5, and the initial spectrum (Curre A) was taken 30 seconds 
later with the recording spectrophotometer. The spectrum of 


the same solution was taken 5 minutes after the FH, had been 


dissolved (Curve B), and again after 9 minutes (Curve (). 


to yield FH,, which then undergoes further oxidation to folic 
acid and degradation product (22). These oxidation reactions 

are accelerated in acid solution or in the presence of catalysts 

Activity of FH, in Serine Hydrorymethylase-hF H, Dehydro- 
genase System—As a corollary to the above observations, it 
was noted that solutions of FH,, which were “aged” for periods 
of several hours, functioned somewhat more sluggishly in the 
combined serine hydroxymethylase-hFH, dehydrogenase system 


(15) (of. Equation 2) than did fresh solutions of FH,. 


Serine + FH, + TPN* = glycine + f*FH, + TPNH + H* (2) 


A typical experiment to demonstrate this phenomenon is shown 
in Fig. 3. It seemed evident from the observed lag phase with 
“aged” preparations of FH, that the oxidation product, presuma- 
bly FH>, was itself inactive in the system represented by Equa- 
tion 2, but that it was being reconverted enzymatically to FH, 
by some component of the assay system. The most likely source 
of reducing power was TPNH, which is generated as the primary 
reaction proceeds. This hypothesis was readily tested by incu- 
bation of authentic FH, with TPNH in the presence of the beef 
or avian liver acetone powder extracts, which had supplied the 
enzymes for Reaction 2. Under these conditions TPNH was 
oxidized rapidly and the spectrum of FH, was replaced by that 
of FH,. With the use of this simple assay (i ¢. disappearance of 
TPNH in the presence of FH;), the responsible enzyme, dihydro- 
folic reductase, was then partially purified from acetone powder 
extracts of chicken liver, as described above. 

Characteristics of TPN-Linked Dihydrofolic Reductase—A typ- 
ical experiment involving the oxidation of TPNH by FH, in 
the presence of the partially purified enzyme, dihydrofolic re- 
ductase, is shown in Fig. 4. When the reaction is started (as in 
Experiment A) by the addition of enzyme, TPNH disappears 
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MINUTES 

Fie. 3. Cofactor activity of fresh and aged tetrahydrofolic 
acid. The experimental cuvettes contained 10 smoles of L-serine, 
0.65 pmole of TPN, 150 pmoles of phosphate buffer, pH 7.5, and 
0.65 wmole of FH, in a volumeof2.8 ml. 0.2 ml. of enzyme (Dowex- 
treated extract of beef liver acetone powder (9)) was added to 
start the reaction, and the reduction of TPN followed at 340 
my. All values are corrected for separate blank cuvettes omit- 
ting serine or TPN. Fresh FH, was used immediately after the 
solution had been prepared, whereas the aged FH, solution had 
been allowed to stand for 4 hours at 4°. 


40 


La 


10 20 30 
MINUTES 
Fic. 4. Spectrophotometric demonstration of dihydrofolic 
reductase. Standard assay system as described in the experi- 
mental section. In Experiment A, 0.02 ml. of enzyme was added 
at zero time. After 19 minutes there was added a second incre- 
ment of TPNH, equal in amount to the original, and at 26 minutes 
an additional 0.02 ml. of enzyme was added. The concentrations 
of reactants in Experiment B were identical to those of Experi- 
ment A, except that 0.06 ml. of enzyme was added initially. At 
11 minutes, 5 smoles of GSSG and 0.02 ml. of purified GSSG 
reductase were added to all cuvettes. 


rapidly until an equilibrium position is reached. At this point 
the addition of more TPNH causes the optical density to rise, as 

expected, but no further reaction occurs. Similarly, the addition 
of more enzyme is without effect on the reaction. Further addi- 


, No.4 October 1958 
ul.) was 2 .750 

After 
ninutes 
Super. “A 
a Fresh FH 
~ E 500 4 
aration 
being 
r he 
§ C- 9 min ly 250 
ated at 10 aged Fig 
mpera- Q 
usually 
he pre- 
nd be- 5 
volume 
of 6 to 
«phate 
uxture 
id dis- 
nzyme 
buffer, 
I: 
he en- 
‘utter- : a | 
t frac- 
m and 
na tion 
were 

and 6896 

ind to 
mn the Reduc tose 
250 
of the 
d free 
ethyl 
(20), 
educ- 
rapid 
type 
na xi- 
naXxi- 
ngth | 
also 
sien | 
FH, 
cally | 
own 


3 
WAVELENGTH (mys) 


Fic. 5. Formation of tetrahydrofolic acid from dihydrofolic 
acid. The experimental cuvettes contained 100 smoles of phos- 
phate buffer, pH 7.5, 10 smoles of 2-mercaptoethanol, 2) smoles 
of glucose-6-P, 1 mg. of glucose-6-P dehydrogenase, 0.1 ysmole 
of FH, and 0.02 mil. of purified FH, reductase in a volume of 2.0 
ml. The blank cuvette was identical except for the omission of 
FH,. After an initial spectrum had been taken (Curre /), 0.04 
umole of TPNH was added to both cuvettes, and successive 
spectra were taken at 1 minute (Curve 2), and 5 minutes (Curve 3) 
after the TPNH addition. The spectrum after 10 minutes was 
identical with that of Curre 3. 


260 300 340 380 
WAVELENGTH (my) 

Fic. 6. Formation of N**-formyl tetrahydrofolic acid from 
dihydrofolic acid. The experimental cuvette contained 100 
z»moles of phosphate buffer, pH 7.5, 10 smoles of 2-mercapto- 
ethanol, 5 smoles of HCHO, 0.02 ml. of purified hFH, dehydro- 
genase, 0.02 ml. of purified FH, reductase, and 0.13 ymole of 
FH; in a volume of 2.0 ml. The blank cuvette was identical 
except for the omission of FH, After an initial spectrum was 
taken (Curve 1),0.04 smole of TPNH was added to both cuvettes, 
and successive spectra were taken after 15 minutes (Curve 2) 
and 30 minutes (Curre 3). The spectrum after 3) minutes was 
identical with that of Curre 3. At this time, 0.02 ml. of concen- 
trated HCI was added to both cuvettes in order to convert {*FH, 
to f*"°FH,. Curve 4 represents the spectrum of the product 10 
minutes after acidification of the cell contents. 
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tion of FH,, however, causes the reaction to proceed further, 
That TPNH is still present in the reaction mixture at the equi- 
librium point is shown further in Experiment B by the addition 
of GSSG and glutathione reductase, at the point indicated; this 
addition completely discharges the residual optical density read- 


ing. 

At the equilibrium position, the amount of TPNH which had 
dixappeared corresponded almost exactly to the amount of FH, 
originally present. Thus, the equilibrium position of Reaction 
1 lies far to the right. With aged samples of FH, the amount 
of TPNH disappearance was somewhat les than expected on a 
stoichiometric basis, but this was found to be referable to deg- 
radation of the FH, upon storage. 

The dihydrofolic reductase under the present assay conditions 

is specific for both reactants: DPNH ix without effect when «ub 
stituted for TPNH, and folic acid cannot replace FH, Thee 
points are illustrated by a typical experiment under standard 
conditions in which the optical density change was —0.074/min- 
ute when both FH, and TPNH were present. When FH, was 
replaced by folic acid the rate dropped to zero, and when TPNH 
was replaced by DPNH the rate was —0.007/minute. The fail- 
ure of DPNH to function in this «vstem i« in disagreement with | 
the previous reports (12, 23) that DPNH would reduce FH, in 
avian liver preparations. It ix powible that DPNH was con- 
verted to TPNH via the transhvdrogenase reaction in more 
crude preparations. 
Demonstration of F il, Formation—\n order to verify that FH, 
was the product of the reaction an experiment was set up as de- 
scribed in the legend for Fig. 5. Since substrate amounts of 
TPNH would interfere with spectral measurements, a catalytic 
amount of TPNH was used with excess glucose-4-P and glucos- 
6-P dehydrogenase to regenerate continually the reduced mate- 
rial. During the course of the reaction the spectrum of FH, 
(Curve 1, Nwss. at 283 my) changed progressively to that of 
FH, (Curve 3, ) at 208 my). 

Further evidence that FH, is a reaction product of Equation | 
is provided by the experiment illustrated in Fig. 6. In this case, 
FH, was trapped and converted to [FH, by adding to the pre- 
Vious reaction mixture the components of the formaldehyde-ac- 
tivating enzyme system (cf. Equation 3) and the hydroxymethyl 
tetrahvdrofolie dehydrogenase, Equation 4: 


HCHO + FH, bFH, (3) 
hFH, + TPN* (FH, + TPNH + H* 
When these two equations are combined with Equation | the 


following net reaction is achieved: 
FH, + HCHO — 


In this combined system TPN functions catalytically. The de- 
hydrogenase preparation contained cyclohydrolase, which con- 
verts the primary product of the dehydrogenase reaction, {* "FH, 
to the observed end product, fFH, (10, 13). In the presence of 
the complete system the absorption «spectrum of FH, (Curre /, 
Awe at 283 my) ix gradually replaced by the characteristic «pec- 
trum of FH, (Curve 3, Ass. at 260 my, shoulder at 300 trys). 
At this point the cell contents were acidified in order to convert 
fF H, to H,, which is characterized by an absorption maxi- 
mum at 350 mp (Curve 4). From the known extinction coeffi- 
cient of = 22 10* em? mole’) it could be calculated 


(5) 
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that about 65 per cent of the original FH, had been converted to 

A component study for the formation of [FH, from FH, with 
the «vetem deseribed above presented in Table In addi- 
tien to the complete «ystem, separate mixtures were prepared, 
with the omission of cach component in turn. At the end of the 
incubation period the reactions were stopped by the addition of 
ed, and the amount of /FH, was estimated by the optical 
density reading at 350 mg. The «vstem did not show complete 
depemlence upon added TPNH. Since only catalytic amounts 
of TPN are required, it ix possible that trace amounts in the 
various enzyme fractions may partially fulfill this requirement. 
When the dehydrogenase was omitted very littl product was 
formed. This indicates that the purified reductase was relatively 
free from the dehydrogenase. The dehydrogenase preparation, 
however, contained significant quantities of reductase, as shown 
by the noticeable activity when the latter component was 
omitted. 

Reversal of Reductase Reaction: Oxidation of Fil, by TPN — 
Experiments of the type shown in Fig. 4 indicated that Reaction 
2 ges nearly to completion from left to right. It was of interest, 
however, to see whether the reaction could be reversed to any 
appreciable extent. Ina typical experiment 0.95 wmole of FH, 
am! 1.5 pmoles of TPN were mived in the presence of enzyme. 
Over a 15 minute period an optical density change of 0.074 was 
olxerved, correspomling to the formation of 0.009 ymole of 
TPNH. 

DISCUSSION 

The present demonstrate that in avian and mam- 
mation livers the reduction of dihvdrofolie acid to tetrahydrofolice 
ackl is mediated by a TPN-linked dehydrogenase. The equi- 
librium for the reaction lies far toward FH, production. These 
result« supplement the previous work of Wright and Anderson 
(9, 10), whe have shown that the reduction of folie acid to di- 
hydrofolie ackd requires in a bacterial system the concomitant 
operation of the pyruvic oxidase system, and of Futterman (12), 
who showed that the reduction of folie acid or dihvdrofolie acid to 
tetrahydrofolie ackl was mediated by TPNH-<lependent en- 
zymes in chicken liver. Thus, it would appear that the for- 
mation of FH, from folie acid proceeds via two direet reductive 
steps. Although these result« do not exclude the pathway pro- 
pow by Raven and Jaenicke (23) F — fFH,), it 
should be noted that no individual steps in the latter sequence 
have vet been demonstrated. 

While the pyridine nucleotides (DPN and TPN) function as 
hvdrogen donor and acceptors in a great variety of enzymatic 
reactions, the usual substrates are closely related in structure to 
secondary aleohols (24) rather than to heterocyclic ring» as in 
the present case, and alke in the case of the hydroxymethyl 
tetrahydrofolie dehydrogenase reaction (15). Other examples 
invelving heterocyclic rings as substrates are the interaction of 
pyridine nucleotides with other pyridine nucleotides, as in the 
transhydrogenase reaction, or in their interaction with flavin 
nucleotides, as in the eytochrome reductase reactions. Since 
recent evidence has been adduced (25) that the substrates and 
pyridine nucleotides donate or accept a hydride ion, rather than 
two electrons and a hydrogen ion, it is of interest to «peculate 
whether the heteroevelic rings also undergo reversible oxidation- 
reduction via the hydride ion mechanism. 

The present experiments alse provide some information on the 
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Component study for synthesis of f° FH, from FH, 

The complete system contained: 150 smoles of phosphate buffer, 
pH 7.5; smoles of mercaptoethanol; 0.25 smoles of TPNH; 
0.3 smoles of FH,, 20 smoles of HCHO; 0.05 ml. of FH; reductase; 
0.1 ml. of hFH, dehydrogenase; and water to make 3.0 ml. Com- 
ponents were omitted as indicated. After incubation of the tubes - 
at 25° for 15 minutes the reaction was stopped by the addition of 
0.2 ml. of 1 s HCI (no protein precipitated under these conditions), 
and after the reaction mixture was allowed to stand for 10 min- 
utes the optical density was measured at 350 my. 


Component omrtted 3550 my 
None 0.700 
TPNH 0.339 
FH, 0.091 
HCHO 0.154 
FH, reductase 0.350 
hFH, dehydrogenase 0.070 
structure of dihydrofolie acl. Chemical reduction of folie acid 


to the dihydro stage would be expected to vield either 5,6<di- 
hydrofolie acid or 7 .S-dihvdrofolie acid. Reduction at the C-6 
position is known to produce an asymmetrie center. Thus, 
chemically prepared FH,, or {FH,, has been shown to react to 
the extent of 50 per cent in various enzymatic systems (15, 26). 
Conversely, the fact that 100 per cent of the FH, reacts in the 
dihydrofolic reductase system argues strongly that neither hydro- 
gen in FH, is at the C-6 position, ic. that FH, is the 7 ,8-dihydro 
derivative of folie acid. This conclusion is in agreement with 
that reached previously (14) from other lines of evidence, par- 
ticularly from the fact that formylation of FH, at the N®* po- 
sition stabilizes the fully reduced pyrazine ring against air 
oxidation, i.e. that reoxidation of FH, begins with a removal of 
hydrogen atoms from the 5.6 positions rather than from the 
7.8 positions. 

Spectrophotometrie studies of enzyme systems involving FH, 
have been plagued by the fact that only 50 per cent of the 
chemically prepared coenzyme is reactive, ie. the spectrum of 
the reaction product (eg. f"FH, in Reaction 2) must be cor- 
rected for the contribution of the unreacted FH, This diffi- 
culty is obviated, however, with the availability of enzymati- 
cally prepared FH, having the correct configuration at the C-6 
position. 

SUMMARY 

1. Dihydrofolie acid reductase has been partially purified 
from acetone powder extracts of chicken liver by means of 
protamine treatment, fractionation with ethanol, and adsorp- 
tion and elution from caletum phosphate gel. 

2. The enzyme carries out the following reversible reaction: 
7, 8-dihydrofolic acid + reduced triphosphopyridine nucleotide 

5,6,7,Stetrahydrofolic acid + triphosphopyridine nucleotide 


At pH 7.5 the equilibrium for the reaction lies far to the right. 


A The authors are indebted to Dr. Preston 
T. Talbert and Mr. J. G. Ozols for the preparation of the di- 
hydrofolie acid, and to Dr. Talbert, Dr. H. R. Whiteley, and 
Mrs. Lorel Kay for many helpful discussions of the problems in 
this paper. 
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tic Reactions Involving Sulfate, Sulfite, 
Selenate, and Molybdate’t 
G. Witsox ano 8. 
From the Department of Botany and Plant Pathology, Michigan State University, East Lansing, Michigan 
(Received for publication, February 27, 1958) 


The pioneering work of Hernstein and MeGilvery (1) and of 
De Meio ef al. (2) established the participation of adenosine 
triphoxphate in the enzymatic activation of sulfate. Further 
studies by Hilz and Lipmann (3) and by Segal (4) indicated that 
PP ix eliminated from ATP during the activation reaction, 
whereas Robbins and Lipmann (5, 6) identified “active sulfate” 
a« PAPS. Previous studies from this laboratory (7, 8, 9) and 
by Robbins and Lipmann (10) indicated a two-step reaction 


mechaniem catalyzed by ATP-«ulfurylase and APS-kinase, 
teepectively. 

ATP + APS + PP (1) 

aps paps @ 


In the present report we wish to present data on the purifiea- 
tion of the sulfurylase protein, to adduce evidence for the net 
evnthesix of APS, and to examine the reactivity of the sulfu- 
rviaxe with ATP and Group VI anions other than sulfate. 
it will be shown that sulfurylase transfers adenylie acid 
from ATP to sulfate or to selenate, forming the mixed an- 
hydride (11), but that free adenylie acid ix formed from ATP 
in the presence of sulfite, chromate, tungstate or molybdate. 


MATERIALS AND METHODS 


Sulfurylase Awsay—The activity of ATP-sulfurylase was 
determined by following the enaymatic liberation of inorganic 
pleswphate from ATP in the presence of molybdate and inorganic 
pyrophosphatase. The reaction mixture contained in smoles: 
ATP. 5: NapMoOy, 5; MgCl, 1; Trie HCl buffer, pH 7.5, 50; 
EDTA, 0.3; purified pyrophosphataw, 1.8 yg, and the sul- 
furviase in a total volume of 0.50 ml. A unit of enzyme was 
defined as that amount which produced | ymole of inorganic 
phosphate in 60 minutes at 30°. The reaction proceeded linearly 
with time until 00 per cent of the ATP was hydrolyzed and was 
« linear funetion of enayme concentration (Fig. 1). Enaymatie 
activity was halted by boiling, by aleohol, or by dilution. Tri- 


* The support of the National Science Foundation i gratefully 
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' The abbreviations used are: APS, adenosine’. 
fate: PAPS, 3° phoephoadenosine 5’ -phoephowlfate; APSe, ade 
5 - PAPSe, -phoe phoadenosine 5° phos- 
phovelenate; inorganic pyrophosphate; inorganic 


orthophosphate; Trix,  trie( hydroxymethyl )aminomethane; 
ELTA, ethylenediaminetetraacetate; PPase, inorganic pyre- 
phoephatase 


chloroacetic acid was not used owing to the nonenzymatic 
hydrolysis of ATP in the presence of molybdate at acid pH 
(12). Precipitated protein was removed by centrifugation 
when necessary. Inorganic phosphate was determined by the 
procedure of Fiske and SubbaRow (13). Controls with boiled 
enzyme or in which enzyme was omitted were used to correct 
for ATP hydrolysis during the phosphate determination: with 
molybdate to measure ATPase activity. 

Special Reagento—AMP and crystalline Na;H,ATP were 
obtained from the Sigma Chemical Company and ADP, UTP, 
CTP and GTP from Pabst Laboratories. The radioisotopes 
as HS"O,, P* as and as were sup- 
plied by the Oak Ridge National Laboratory. Labeled sulfate 
was used without further purification, usually after sufficient 
storage to permit contaminating P® to decay. Labeled sulfite 
was prepared from labeled sulfate by the method of Chapeville 
amd Fromagrot (14). Unlabeled sulfite was prepared by de- 

ing commercial Na SO, with acid in a stream of oxygen- 
free Nx The liberated SO, was purified by passage through 
sulfuric acid and an ice-jacketed condenser and trapped with a 
stoichiometric amount of NaOH in 0.002 w EDTA. Labeled 
and unlabeled KSeO, were prepared from SeO, by the procedure 
of Trelease and Beath (15). Inorganic phosphate labeled with 
P* was purified before uxe by column chromatography (16). 
Inorganic pyrophosphate labeled with P® was prepared by 
heating Na;HP®O,-12 HO at 500° for 5 hours (17) and purified 
by elution from Dowex | with 0.02 « NaCl-0.01 w HCl. Syn- 
thetic APS was prepared as the ammonium salt by the method 
of Baddiley e al. (18) and analyaed as 1.03 adenine to 1.00 
organic phosphorus to 1.00 pentose to 0.86 sulfur. Adenine 
was determined by its absorbency at 250 my; organic phos- 
phorus by the difference between P, and total phosphorus 
following wet ashing with perchloric acid; pentose by the method 
of Mejbaum (19) and sulfur, after reduction to H5S, as methylene 
blue (20). Purified yeast pyrophosphatase (Step 3) free of 
detectable ATPase and 3’-nucleotidase activity was prepared 
according to the method of Hepple and Hilmoe (21). Adenylic 
acid deaminase was prepared by the method of Kalekar (22). 
Protein was determined by the trichloroacetic acid turbidi- 
metrie method (23) with bovine serum albumin as a standard. 

Sulfurylase Preparation—Starch-free bakers’ yeast was crum- 
bled, dried at room temperature, and stored at 5°. 5 gm. portions 
were mixed with 5 gm. of quartz sand and 15 ml. of TrisE DTA 
buffer (0.005 « Tris-HCl and 0.001 « EDTA, both at pH 7.5) 
and ground at room temperature in an electrically driven mortar 
and pestle for 60 minutes. 15 ml. of buffer were added and the 
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PHOSPHATE LIBERATED (moles / tude) 


MILLILITERS ENZYME / TUBE 
Fic. 1. Phosphate liberation as a function of sulfurylase con- 
centration. Reaction conditions as described under sulfurylase 
assay with incubation for 2 hours. The enzyme solution con- 
tained 170 yg. of protein per ml. 


autolytic extraction was continued for 30 minutes. Subsequent 
steps were carried out at approximately 1°. The suspension 
was centrifuged 15 minutes at 28,000 x g, filtered through 
cheesecloth, and frozen (Stage 1). Eight portions of this frac- 
tion (120 ml.) were thawed and dialyzed for 12 hours against 
three changes of 1 |. portions of Tris-EDTA buffer. The di- 


Tasie I 
Purification and recovery of ATP-sulfurylase from yeast 
Stage of purification | Volume Units Recovery 
| | 
I. Crudeextract..........| 10 | | 100 
Il. Dialyzed extract __. 120 44 100 
III. Crude enzyme (78,000 x | | 
IV. Protamine ppt. frac-— | 
42 
V. Electrophoresis fraction 7.7) | 
Taste Il 


Phosphate liberation with selected Group VI anions 


NaCl (10 wmoles)..._.. 0.17 0.00" 
Na,8O, (5 wmoles).... | 0.05 
Na,SO,; (5 ymoles).... 0.56 0.39 
KSeO, (5 wmoles)...__. 0.63 0.46 
Na:Mo, (5 wmoles)...__. 5. 33 5.16 


* Other experiments have shown that NaCl controls are identi- 
cal with boiled enzyme controlx. The reaction conditions are, 
except for anion added, as described under sulfurylase assay and 
sulfurylase, 6.8 yg., and incubation for 2 hours. 
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alyzed material was centrifuged for 15 minutes at 28,000 x ¢- 
the supernatant solution (dialyzed extract) was frozen, thawed, 
and centrifuged for 1 hour at 78,000 x g. The clear super. 
natant fluid, approximately 75 per cent of the total, was care. 
fully removed and refrozen. Thiex high «peed supernatant fluid 
constituted the “crude enzyme” (Stage II1) and contained the 
complete sulfate-activating system. 

Protamine fractionation at pH 6.0 resulted in a separation of 
ATP-sulfurylase and APS-kinase. Aliquots of the crude enzyme 
were adjusted to pH 6.0 with dilute acetic acid and fractionated 
with 0.24 or 0.36 mg. of protamine per ml. of enzyme. After 
10 minutes the precipitate was removed by centrifugation 
(20,000 x g, 5 minutes) and discarded. The supernatant fluid 
was then fractionated with successive 0.12 mg. portion« of 
protamine and recentrifuged each time until no further pre- 
cipitation occurred; ie. until 0.48 to 0.96 mg. of protamine per 
mi. of enzyme had been added. The final supernatant fluid, 
designated as crude APS-kinase, was adjusted to pH 7.5 and 
frozen. The successive protamine precipitate fractions were 
each suspended in one-tenth of the original volume of Trix 
EDTA buffer and assayed for sulfurylase activity with molyb- 
date (Fig. 3). Usually 80 per cent of the total activity was 
recovered in a single precipitate fraction. 

Further purification of | ml. aliquots of the protamine-purified 
enzyme (Stage IV) was obtained by clectrophoresi« on an 
8 x 29 x 0.5 em. block composed of SO gm. dry weight of HCL 
EDTA washed potato starch suspended in 0.05 w HC 
buffer (0.001 « EDTA), pH 8.5. The enzyme moved toward 
the anode (6 volt") and was located by asay 
of small aliquots of the supernatant fluid of S x 2 x 0.5 em. 
blocks suspended in 5 mil. of water. The starch block uxpen- 
sion containing most of the activity was then filtered and washed 
twice with additional 5 ml. portions of water. Bovine «rum 
albumin (3 mg.) and glutathione (12 wmoles, pH 7.5) were 
added to the filtrate and the mixture was lyophilized. Con- 
centrated stock solutions of electrophoretically purified sul- 
furviase were prepared for use by dixolving the lvophilized 
material in | mil. of distilled water. Such preparations were 
stable at —20° but lost activity upon repeated freezing and 
thawing. Aliquots of these «tock solutions (Stage V) were 
used in the following experiments unless otherwixe indicated. 


KESULTs 


Enzyme Purification— \ 100-fold purification with 14 per cent 
recovery of ATP-sulfurylase activity was usually obtained 
(Table 1). The inereased activity at Stage I] was due to re- 
moval by dialysis of sulfate, a competitive inhibitor of the 
molybdate reaction, and to lox« of molybdate-inhibitable ATPase 
activity. Suspended protamine precipitates (Stage IV) were 
free of the ADP-sulfurviase of Robbins and Lipmann (10) and 
of ATPase and APS-kinase, and the purified sulfurylase (Stage V) 
was, in addition, free of inorganie pvrophoxphatase and ade- 
nvlate kinase. 

Activity with Different Anions —\n the presence of sulfate ax 
compared with chloride controls, sulfurylase and pyrophoe 
phatase liberated a «mall but reproducible amount of phoxphate 
from ATP (Table 11). This represented the equilibrium amount 
of phosphate formed in the presence of an excess of pyropho 
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Fie. 2. Rate of phoxphate liberation in the presence of sulfite. 

bach tube contained in smolew: ATP, 10; MgCl. 2; Na BO). 

Trix HCl buffer, pH 7.4, 100; EDTA, 0.6; pyrophosphatase, 3.6 

sulfurviase (Stage IV), 540 gg. in total volume of 1.00 mil. 

Incubation was in N, atmosphere at 30°. and aliquot« of 0.1 ml. 
were removed at intervals for assay. 


= 
10 


phatase since the amount was not increased by prolonged inceu- 
bation or by additional sulfurvlase (Equation 3). 


sulfurylase 
ATP + 


| | PPase 


With sulfite and molybdate, a= contrasted with sulfate, sul- 
furviase liberated comparatively large amounts of phosphate 
(Table U1). Earlier studies (8) showed that chromate and 
tungstate were also active in thie respect. Phosphate liberation 
with sulfite, chromate, tungstate, and molyi<late (shown for 
<ulfite in Fig. 2) proceeded until all ATP was cleaved to AMP 
amd PP (Equation 4). 


are amp + pp 4) 


Evidence cited below indicates that, with these 4 anions, a 
stable adenvlic ackd-anion anhydride was not formed. 

With «lenate as the substrate, phosphate was liberated 
to a greater extent than with sulfate (Table 11). The reaction 
with «elenate, however, appeared to be a special case inter- 
mediate between that with sulfate and with molybdate since 
trace amounts of APSe could be recovered (ae below). Nitrate, 
bicarbonate, and thiowulfate, like diel net induce 
phorus liberation from ATP. 

Severn! lines of evidence indicated that the reactivity of the 
Group VI anions was dependent upon the presence of a single 
enzyme in the various veast preparations. Thus, most of the 
activity was obtained in a single protamine precipitate fraction 
(Pig. 3) regardless of which anion was used in asaving the« 
fractions, Moreover, phowphate formation in the presence of 
<ulfite and molybdate was inhibited by the acdedition of sulfate. 
In one experiment the addition of 10 gmoles of Na SO, reduced 
phosphate formation in the presence of 5 of Na Mot), 
by 67 per cent. In another, using a lee purified preparation, 
the inhibition of the «ulfite reaction by sulfate was shown to be 
competitive (Fig. 4). Finally, although the molviedate anion 
was used for enzyme assay during purification, the final preparn- 
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0 6 2 46 72 
MILLIGRAMS PROTAMINE / MILLILITER CRUDE ENZYME 
Fia. 3. Sulfurviase activity of successive protamine precipi. 
tate fractions as determined with four Group VI anions. Aliquots 
of each of the five fractions assaved in regular sulfurviase as<avs 
in the presence of K.S0), (5 pmoles), K.SeO), (5 pmoles), NaS), 
(25 pmoles), or Na,Mot), (5 smole~). 
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(amoies $05) 

Fie. 4. Competitive inhibition of the sulfite reaction by sul- 
fate. Each tube contained in smoles: ATP, 5; MgCl. 1; Na 
as indicated above; Na 5, when present; Tris-HCl buffer, 
pH 745, EDTA, 0.1; pyrophosphatase, 1.8 yg.; sulfurviase 
(Stage IV), 101 pe. in « total volume of 0.50 ml. with incubation 
for 2 hours at 30°. 


tion retained the ability to synthesize APS and APSe and to 
form PAPS upon the addition of APS-kinase (Table V). 
Activity of Different Nucleotides Experiments with ATP, 
ADP, UTP, CTP and GTP demonstrated that ATP was the 
nucleotide substrate for the sulfurviase reaction (Table LIL). 
Proof of Pyrophosphate Formation— The fact that inorganic 
phosphate was libersted only in the presence of pyrophosphatase 
(Tables TIL and VI) showed that inorganie pyrophosphate (PP) 
was a preduet of the reaction. This was supported by studies 
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Taste Ill 

Nucleotide specificity of the sulfurglase reaction 
Experiment I. 
MgCl,, 0.5; NasMo,, 5; Tris-HCI, pH 7.5, 10; EDTA, 0.1; gluta- 
thione, 2.5; pyrophosphatase, 1.8 yg.; sulfurylase, OS pg. in a 

total volume of 0.50 ml. and incubated 1 hour at 30°. 
Experiment II. This was the same as above except : nucleotide, 
1.0; MgCl,, 1; sulfurylase, 1.7 sg. and incubation for 2 hours. 
The reaction was halted by boiling, and the aliquots were re- 
moved and incubated | additional hour with or without PPase. 


Experiment Reaction conditions | P, PP 
tube 
I. ATP, PPase present 0.65 — 
UTP, PPase present 0 
CTP, PPase present §£= 0.05 
GTP, PPase present 0 
II. ATP, PPase absent 0.01 0.61 
ADP, PPase absent | 0.00 | 0.02 


with protamine-purified enzyme (Stage [V) which demonstrated 
that 2 equivalents of P, were liberated from ATP upon prolonged 
incubation with sulfurylase, pyrophosphatase and sulfite (Fig. 2) 
or with any other active anion.¥ Owing to the unfavorable 
equilibrium, proof of PP formation with sulfate as anion rested 
upon the demonstration of P®-PP exchange into ATP. 
Formation of APS—The formation of APS as a product of 
the sulfurylase reaction was demonstrated with high specific 
activity, S*-labeled sulfate. Aliquots of reaction mixtures 
containing the enzymatically synthesized, putative APS” were 
chromatographed and subjected to electrophoresis together with 
authentic, synthetic APS (Fig. 5). 5**-radioactivity occurred 
only in the APS area, inorganic sulfate having moved into the 
electrode compartment. The exact coincidence of this radio- 
activity as determined by radioautography, and of the ultra- 
violet-absorbing APS region, as determined by visual and photo- 
graphic comparisons, proved that the enzymatically svnthesized, 
S**-labeled compound was identical to the ultraviolet-absorbing 
nucleotide synthesized by the method of Baddiley ef al. (18). 
Estimates of the amount of S*labeled APS formed in the 
presence and absence of pyrophosphatase were made by cluting 
the APS area of an clectrophoretogram (Table IV). A total 
of 0.02 ymole of APS was formed from 5 ymoles of ATP and 10 
pmoles of sulfate in the presence of pyrophosphatase, whereas 
an average of only 0.0015 ymole was formed in the absence of 
pyrophosphatase. No attempts were made to insure that 
equilibrium had been reached (although based on the molybdate 
assay more than sufficient sulfurylase was present) nor were 
experiments conducted to approach the equilibrium of the re- 
action in the reverse direction. Further, in these experiments 
only the amount of APS formed was measured and the amount 
of pyrophosphate liberated was assumed to be stoichiometrically 
equivalent. Until more definitive experiments can be made 
the apparent equilibrium constants at pH 7.5 and 30° are cal- 
culated as 4 < 10° for Equation | and 6 x 10° for Equation 3. 
An independent estimate of the amount of APS®* formed in 
the presence of pyrophosphatase was made (Table V) by mens- 
uring the adsorption of nucleotide-bound sulfate to charcoal 
(24). This estimate, an average based on experiments with 
different batches of purified sulfurvlase, is in agreement with 
the APS estimate obtained by eluting an clectrophoretogram. 
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Each tube contained in smoles: nucleotide, 0.5; 
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CHROMATOERAPHY 


Fic. 5. A radioautograph of an clectrophoretogram chromato 
gram showing coincidence of enzymatically synthesized APS" and 
synthetic APS. The area labeled P, represent« contamination 
of the radiosulfate. The synthetic APS «pot <hown in outline 
was located photographically by exposing reflex paper to ultra. 
violet radiation (Mineralite) transmitted through the superim 
posed electrophoretogram chromatogram. 

The incubation mixture contained in smoles: ATV, 5; 
(10 10; MgCl, , 1; Tris-HCl buffer (pH 7.5), RITA, 
03; pyrophosphatase, 1.45 sulfurviase, 6.45 sg. in a total volume 
of 0.50 ml. with ineubation for 2 hours at 30°. The reaction wax 
halted by boiling. The aliquots for electrophoresi« consisted of 
2D) wl. of reaction mixture combined with 5 gl. (0.1 smole) of «vn 
thetic APS. Electrophoresi« on Whatman No. IMM HCLEDTA. 
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An attempt was also made to estimate the small amount of 
phosphate liberated. In these experiments the ratio of phos- 
phate liberated to nucleotide-bound sulfate was sometimes as 
low as 2.5. 

Formation of APSe—Radioactive selenate was used to dem- 
onstrate the formation of APSe, the selenate analogue of APS. 
Small but consistent amounts of nucleotide-bound seclenate 
were detected by the charcoal adsorption technique and electro- 
phoretic analysis of reaction mixtures revealed the presence of 
a Se’<labeled compound with approximately the same mobility 
as APS. In marked contrast to the results obtained with sul- 
fate, phosphate liberation from ATP was much greater than 
nucleotide-bound selenate accumulation (Table V). AMP was 
the major nucleotide product of the sulfurylase reaction in the 
presence of selenate (see below—Formation of AMP). 

The consistent recovery of small amounts of APSe as com- 
pared with the amount of phosphorus liberated suggested that 
thix nucleotide was unstable under the conditions of incubation 
or assay. Accordingly, experiments were carried out which 
demonstrated that, after stopping the reaction with alcohol 
the nucleotide-bound anion was stable for as long as 90 minutes, 
pH 7.5, and 30° (conditions of incubation). The compound was 
alo stable at pH 4.5 and 1° for at least 45 minutes (conditions 
of away). At pH 4.5 and 30°, however, the half-life of APSe 
was approximately 30 minutes. The comparative stability of 
this compound under the physical conditions of incubation and 
assay suggested that APSe was unstable in the presence of 
sulfurylase. 

Coupling of Sulfurylase with APS-Kinase—When sulfate or 
selenate were present as substrates, the addition of APS-kinase 
to incubation mixtures containing sulfurylase resulted in in- 
creases both in liberation of phosphate and in synthesi« of nu- 
cleotide-bound sulfate or selenate (Table V). In the case of 
sulfate the nucleotide-bound anion has been identified as PAPS 
(8, 10) and, as shown in Table V, the amount of PAPS formed 
was in fair agreement (Equations | and 2) with the amount of 
inorganic phosphate liberated. In the case of selenate, the 
inerease in nucleotide-bound anion was much less than would 
be predicted from the increase in phosphate liberation. In 
some experiments phosphate liberation was doubled by the 
addition of APS-kinase to sulfurylase and selenate. Electro- 
phoretic analysis showed that neither PAPSe (the selenate 
analogue of PAPS) nor 3’. 5’<liphosphoadenosine (the expected 
decomposition product) had accumulated. The available data 
are not sufficient to explain these observations nor to establish 
the existence of PAPSe. They do, however, point to metabolic 
differences between the adenyl sulfates and selenates which are 
not accounted for by chemical instability of the selenate an- 
hydride. 

Addition of APS-kinasxe to incubation mixtures containing 
sulfite, chromate, tungstate, or molybdate, and sulfurylase did not 
increase phosphate liberation from ATP. This failure to obtain 
coupling between sulfurylase and APS-kinase and the absence 
of P|PP exchange into ATP in the case of these anions (see 


Il hours in 0.1 acetate 
buffer at pH5.1. Mobility of APS = 5.9 X 10°* volt. 


The paper was dried for | hour, turned 90° as indicated, and sub- 
jected to ascending chromatography (18) for 21 hours at 1° in 
» propanol-ammonia-water (6:3:1). 


R, of APS = O31. 
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Taste IV 
Formation of S**-labeled APS 
Ineubation and electrophoresis were the same as for Fig. 5 
except as indicated below. Disks of equal size containing the 
S**-labeled APS (located by scanning and by ultraviolet absorp- 
tion of synthetic APS) were cut out, eluted, and dried in planchets 
for counting. 


| 
Addition Incubation | Hadionctiv: |APS formed 
ars cpm. | pmole/iube 
Sulfurylase + PPase 2 3390 | 0.020 
Sulfurylase — PPase _. 2 395 0. 002 
Sulfurylase PPase ............ 4 236 0.001 
Boiled sulfurylase — PPase 2 58 


Taste V 
Formation of phosphate and of nucleotide -bound sulfate and selenate 
by sulfurylase and by sulfurylase plus APS-kinase 

Each tube contained in smoles: ATP, 5; MgCls, 1; EDTA, 0.3; 
Tris-HCl, pH 7.5, 530; NaS", (0.1 we./umole) or K,Se"O, (0.2 
ue./pmole), 5; sulfurylase, 3.4 pyrophosphatase, 1.8 ug.; crude 
APS-kinase where indicated, 780 yg. in a total volume of 0.50 ml. 
with inewbation for 2 hours at 30°. 


| Phosphate Nucleotide | 

Addition liberated boun — anion ay 
bound anion 

Sulfate .. 0.055 0.016 3.5 

0.223 0.002 

Sulfate + kinase... ss 0. 250 0. 107 2.5 

Selenate + kinase... 0. 285 0.005 57 
Taste VI 

Stoichiometry of the sulfurylase reaction 


Each tube contained in smoles: ATP, 2; Na;MoQ,, 5; MgCl:, 
1; Tris-HCl buffer, pH 7.5, 30; EDTA, 0.3; and sulfurylase, 9.2 
wt. The reaction was halted by boiling. PP was determined by 
additional incubation of aliquots with pyrophosphatase. AMP 
was determined by decrease in absorbancy at 265 my during addi- 
tional incubation with adenvlic acid deaminase (25). 


Colorimeter reading 
Rea tion conditions PP tube AMP /tube 

Complete, 2 hrs. ineuba- 

tion. 8 254 1.72) 1.50 
Boiled enzyme, 2 hrs. in- 

Boiled enzyme, zero time | 


stable adenylic acid-anion anhydrides of sulfite, chromate, 
tungstate, or molybdate. 

Formation of AM P—Electrophoretic studies and phosphorus 
analyses indicated that AMP and PP were the products of the 
sulfurylase reaction when sulfite, chromate, tungstate, or molyb- 
date were present as the active anion. AMP formation in the 
molybdate reaction was followed quantitatively by means of 
adenylie acid deaminase (Table VI). The analytical methods 
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mentioned would not have detected extremely small amounts anion. P®-PP exchange into ATP was observed and adenosine 


of an AMP-anion anhydride had such a compound been formed. 
The principle evidence that an adenylic acid-anion anhydride 
was not formed in the case of sulfite, chromate, tungstate, and 
molybdate consisted of, (a) the failure to observe P®-PP ex- 
change into ATP in the presence of these anions, (6) with sulfite 
as the added anion, there was no detectable loss of sulfite during 
the course of the experiment as measured by the fuchsin reagent 
(26), and (c) in experiments with high specific activity, S*- 
labeled sulfite, electrophoretic analysis failed to disclose any 
S**-labeled nucleotides. 

Incorporation of P®-PP into ATP—Sulfate, selenate, sulfite, 
chromate, molybdate, and tungstate were tested for their ability 
to serve as substrates for the exchange of P®-labeled PP into 
ATP. Sulfate<lependent exchange has been reported pre- 

, (27) and paper were 
reaction mixtures containing SO,~, SeO,-, or SO,;-. Complex 
formation by chromate, molybdate, and tungstate with nucleo- 
tides and with PP and P, necessitated special precautions in the 
isolation of ATP for radioactivity determinations when these 
anions were present. Of the methods tested only column chro- 
matography by the procedure of Cohn and Carter (16) proved 
suitable. 

Following incubation, the reaction was stopped by boiling 
and the PP was hydrolyzed to P, by additional incubation with 
PPase. The sample was made | M with respect to NHOH and 
applied to a 0.5 gm. Dowex 1 anion exchange resin column pre- 
viously treated with 20 ml. of 1 « NHOH and washed until 
neutral. The column was eluted as follows: (a) 150 ml. of 
0.003 HC1; (6) 200 ml. of 0.01 HC1-0.02 (c) gradient 
elution using 140 ml. of solution (6) in a mixing flask and 200 
ml. of 0.01 w HC1-0.2 w NaCl in a reservoir. Fractions of 9 ml. 
were collected at a rate of approximately 3 ml. per minute. 
AMP and P, were eluted with (a), ADP with (6), and ATP 
with (c). The over-all recovery of radioactivity was 04 to 103 
per cent. The over-all recovery of nucleotide was low in the 

» of molybdate. 

With sulfate and selenate there was an exact correlation be- 
tween the fractions containing ATP and those containing radio- 
activity. A 20 per cent exchange of ATP-PP and P®-PP oc- 
curred during the 1 hour incubation with sulfate and an 11 per 
cent exchange occurred in the presence of selenate. In the case 
of sulfite, chromate, molybdate, tungstate, and the “no anion” 
control, significant amounts of radioactivity were not observed 
in the fractions containing ATP. Our earlier report (8) of 
exchange in the presence of sulfite was probably due to traces 
of sulfate in reagent grade sodium sulfite. 


DISCUSSION 


Evidence is presented in this paper for three types of reactions 
catalyzed by ATP-sulfurylase in the presence of Group VI 
anions. The first reaction type (Equation 1) was encountered 
with sulfate as anion and involves formation of «mall amounts 
of adenosine phosphosulfate and of PP in equilibrium with ATP 
and sulfate. Adenosine phosphosulfate was recovered from 
reaction mixtures in amounts approximating those predicted by 
PP formation. The reaction equilibrium was shifted by the 
addition of inorganic pyrophosphatase, and P®-PP exchange 
into ATP was observed. 

The second reaction type was encountered with selenate as 


phosphoselenate was demonstrated, but in amounts much less 
than the PP produced. The reaction proceeded slowly to com- 
pletion, at which time only AMP, PP, and selenate could be 
recovered. These results imply hydrolysis of the adenosine 


phosphoselenate permitting displacement of the reaction toward 
ATP cleavage (Equation 5). 
ATP + Se0,~ APSe + PP 


The third reaction type was observed with sulfite, chromate, 
molybdate, and tungstate as anions and involves irreversible 
cleavage of ATP to AMP and PP. P®-PP exchange into ATP 
was not observed and an AMP-anion anhydride could not be 
demonstrated. Possible mechanisms for this reaction include a 
catalytic cleavage of PP from ATP without intermediate an- 
hydride formation (Equation 4) or formation of an unstable, 
AMP-anion anhydride (Equation 6) which is of insufficient 
half-life to permit PP exchange. 


ATP + ————+ [APMo] + PP 


| HOH (6) 
AMP + Mot)” 


Available data do not permit distinction between these alterna- 
tives; this problem may ultimately be resolved by O"-exchange 
studies. The molybdate type reaction bears a formal analogy 
to the arsenolysixs of phosphate esters. In the arsenolysi« re- 
action the formation of an acyl arsenate whieh decomposes 
spontaneously has been postulated (28) but never demonstrated. 

The sulfurylase reaction with sulfate, although analogous to 
the acetate and amino acid “activation” reactions (29), appears 
to be unique in that demonstrable quantities of this AMP-anion 
anhydride are formed. Accumulation of «mall amounts of the 
nucleotide-sulfate anhydride has alee been demonstrated by 
Robbins and Lipmann (10). The activity of PAPS in various 
biological sulfurylation reactions has now been extablixshed 
(10, 30-32). The reactivity of selenate in the sulfuryvlase re- 
action suggests that similar metabolic routes may exist for 
selenate in organisms in which selenium compounds occur 
(15, 33-37). Whether nucleotide-ulfate and nucleotide-«clenate 
anhydrides have metabolic roles other than in sulfate or sclenate 
esterification reactions remains uncertain. 

SUMMARY 


1. The partial purification of adenosine triphoxphate-<ul- 
furylase from yeast is described. This enzyme in the presence 
of magnesium jons, adenosine triphoxphate and sulfate catalyzes 
the formation of adenosine-5'-phosphosulfate and pyrophosphate. 

2. Selenate, sulfite, chromate, molybdate, and tungstate also 
serve as substrates for sulfurylase, although stable adenylic 
acid-anion anhydrides are formed only with sulfate and selenate. 

3. The catalytic cleavage of adenosine triphosphate to ade- 
nvlie acid and pyrophosphate in the presence of sulfurvlase and 
molybdate was utilized as a convenient assay procedure. 

4. Adenosine diphosphate and uridine, evtosine, and guanosine 
triphosphates did not substitute for adenosine triphosphate. 

5. Mechaniams are proposed for the reactivity of the various 
anions in the sulfurylase reaction. 
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Hertz and Tullner (1) reported that folic acid stimulates the 
tissue growth response to estrogen in the female chick and rat. 
The administration of Aminopterin (2) inhibits the estrogen- 
induced mitosis of the rat uterus, and the inhibition is reversed 
by citrovorum factor (CF). Estrogen alone or together with 
folic acid enhances the urinary excretion of CF by male rats (3). 
Aminopterin inhibits the increase in the nucleic acid, phospho- 
lipides, acid-soluble phosphates, and protein nitrogen of uteri 
caused by estrogen administration to castrated female rats (4). 
Estradiol pretreatment is reported (5) to enhance the serine 
aldolase activity of rat uteri. Storage of folic acid and CF and 
the conversion of folic acid to CF by rat liver are not influenced 
by thyroidectomy (6). 

The administration of ascorbic acid to rats receiving folic 
acid has been reported to enhance the urinary excretion of 
CF' (7). Dietary homocysteine or cysteine also enhances the 
urinary excretion of CF by rats receiving folic acid (8). Feed- 
ing of low protein and protein-free diets to rats lowers the liver 
content of CF, whereas high fat diets or fat accumulation in 
the liver due to choline deficiency does not impair the capacity 
of the liver to form CF (9). The occurrence in human urine of 
a factor which is labile to heat and alkali and which is converted 
to CF by autoclaving in the presence of ascorbic acid has been 
reported (10). 

The present report is concerned with the studies on the 
factors affecting the conversion in vivo of folic acid to CF in 
rats. 


EXPERIMENTAL 


Adult male rats of the Sprague-Dawley strain were placed 
individually in stainless steel metabolism cages equipped with 
specially designed collecting funnels (made by Micro-Metric 
Instrument Company). Rats were maintained on Purina Lab- 
oratory Chow (Ralston Purina Company), starting at the 
weaning age and continuing throughout the experimental 
period. The animals were weighed and randomized into groups. 
Urine collections were started 24 hours after the rats had been 


* This work was supported by Grant C-3048 of the National 
Cancer Institute, National Institutes of Health, United States 
Public Health Service, Bethesda, Maryland. Leucovorin (Led- 
erle) and folic acid were generously supplied by Dr. H. P. Bro- 
quist of the Lederle Laboratories Division, American Cyanamid 
Company, Pearl River, New York. The beef-growth hormone 
was a gift from the Biochemical Research Department of the Ar- 
mour Laboratories, Chicago, Illinois. 

1 The abbreviation used ix: CF, citrovorum factor. 


maintained on the above mentioned diet and were continued 
daily for 1 to 2 week test periods. The 24-hour urine collections 
from rats of the same group were combined, and an aliquot of 
the latter was filtered, neutralized, and autoclaved for 30 minutes 
at 120°. The heated samples were cooled, reneutralized, di- 
luted, and assaved. The CF content of the urine samples was 
determined by using the Bacto-CF Assay Medium (Difco Lab 
oratories, Inc.). Leuconostoc citrovorum, ATCC SOS1? was used 
as the test organism, and Leucovorin (Lederle) was used as the 
standard. The cultures were incubated for 48 hours at 37° and 
growth was measured by a turbidimetriec procedure. Since 
Leucovorin has been reported to be one-half as active as the CF 
isolated from horse liver (13), the microbiological assay values 
were divided by 2 in order to express the results in terms of the 
naturally occurring CF. At the end of the test period the rats 
from the experiments presented in Tables II] to VIEL were 
killed and accessory sex organs were removed, blotted, and 
weighed. 

Hypophysectomized rats were obtained commercially. Gon- 
adectomies and adrenalectomies were performed by the usual 
procedures. The group of rat« that underwent adrenalectomies 
and the control animals that underwent sham operations were 
given salt in their drinking water. 


RESULTS AND 


It is apparent from the results in Table | that collection of 
rat urines in a frozen state instead of at room temperature does 
not give an increased CF content in the urine. Autoclaving 
the rat urines from Groups | and 2 after addition of 50 mg. of 
ascorbic acid per ml. does not enhance the CF content of rat 
urine but, when the urines are collected in bottles containing 
600 mg. of ascorbic acid and then autoclaved for 30 minutes at 
120° (Group 3), there is a 7-fold increase in the CF content. 
The results describing the role of ascorbic acid in increasing the 
CF content of the urine are reported in Table Il, Adminix 
tration of 100 yg. of folie acid per day per rat increases the CF 
content of rat urine 10-fold. In addition to folic acid, the rats 
in Group 3 received a daily supplement of 600 mg. of ascorbic 
acid, whereas the urines from the rats in Group 4 were collected 
in bottles containing 600 mg. of ascorbic acid. Since the in 
creases in CF observed in Groups 3 and 4 over Group 2 are 


7A report by Felton and Niven (11) concerning a taxonomic 
study on the culture Leuconostoc citrovorum, ATCC S081 suggests 
that the latter organiem ix a typical «train of Pediococeus cere- 
visiac, as described earlier by Pederson (12). 


= 


(hk 
| at 
the 
| In 
for 
| 
ur 


SEF 


CF 


October 1958 V. M. Doctor 983 
Tame I Taste Il 
Factors affecting urinary excretion of CF by male rats recieving Effect of ascorbic acid on urinary excretion of CF by male rats 
folie acid* receiving folic acid 
wu excretion of 
one per per at per day per rat 
No Heated min at Average Without Heated Jo 
Average | No. weight beat st 
| 1 | 317 | None 140 180 
1 5 | 23 | At22’inempty bottle = 980 5& | 318 | Folie acid, 100 pg. 1320 | 1500 
2 5 | 2 | Frozen in bottle immersed 1100 | 1010 3 | 5 317 | Folie acid, 100 pg. + as- 3630 | 7680 
in dry ice alcohol bath | corbie acid, 600 mg. | 
$ 5 | | At 22° in bottle containing 7200 4 317 | Folie acid, 100 pg. + 7050 
mg. of ascorbic | corbie acid, 600 mg. per 
| solution | collection bottle | 
5 5& 318 | Ascorbic acid, mg. per 610 1620 
| collection bottle 


ea. of folie acid by stomach tube. 

t Figures are the average daily CF exeretion from a 7 day test 
period. Before autoclaving the urine of Groups | and 2, 0) mg. of 
ascorbic acid were added per ml. of urine. 


about the same, administration of ascorbie acid by stomach 
tube does not appear to enhance the conversion in rire of folic 
ackd to CF but merely protects the heat-labile precursor of CF 
in the urine from destruction by heat and air. Autoclaving 
the urines of rats from Group 3 and Group 4 for 30 minutes at 
120° gave a further 2-fold increase in the CF content of the 
urine. The increase in CF obtained by administration of ascor- 
bie acid or by addition of ascorbie acid in the collection bottles 
or by autoclaving in the presence of aseorbie acid may be due to 
a nonenzymatic formation of CF from precursors formed in the 
animal and excreted in the urine (10, 14, 15). 

Results presented in a previous paper (3) showed that in male 
rats the conversion in vivo of folic acid to CF, as measured by 
the urinary excretion of CF after ingestion of folie acid, is en- 
hanced by administration of estradiol dipropionate but ix not 
influenced by administration of testosterone. Since the pub- 
lication of this paper, Silverman and Gardiner (10) reported 
that, after an injection of folie acid, the bulk of CF activity in 
human urine is present in a heat-labile form which is destroved 
by autoclaving at pH 6.0 to 7.0 or by incubation in air at room 
temperature for several hours. Evidence was also presented 
(10) to show that if heating ix done in presence of ascorbic acid, 
the labile compound is converted to CF. In the work reported 
previously (3) and in this paper, CF content was measured 
after autoclaving the rat urines under air at 120° for 30 minutes 
at pH 7.0. This means that the bulk of the CF activity re- 
ported in these two papers is a measure of the CF content of 
the urine and not of the heat- and air-labile preeurser of CF. 
In an attempt to determine the relative amounts of the two 
forms of CF activities in rat urines, preliminary studies were 
conducted on the effect of heat and ascorbic acid on the CF 
activity of the urine. The results presented in Tables | and I 
indicate that about SO per cent of the total CF activity in rat 
urine ix present in the heat-labile form, and the remaining 20 
per cent ix present as CF. 

Studies on the effect of sex hormones on the urinary excretion 
of CF by intact and castrated male and female rats are pre- 
«nted in Tables II] to VI. Since the inerease in CF exeretion 
by normal male rat« (Table ILL) after administration of estradiol 


* Folie acid and ascorbic acid were given by stomach tube ex- 
cept in Groups 4 and 5 in which cases ascorbic acid was put in 
collection bottles. 

? Figures are average daily CF exeretion from a 7 day test 
period. Urine samples were assayed for CF as such and also 
after autoclaving at 120° for 30 minutes at pH 7.0. 


Ill 


Effect of administration of ser hormones on urinary 
ereretion of c Ld by male rats 


| 


Rate | paren 
Supplement? to basal diet 
Croup Ne. | Averege | Experi. Experi. 
No. weight ment! 2 
| | m 
1 5 3% None 30) 570 
2 %5& Folie acid, 100 yg. 1340 
6 32 Folie acid, 100 pg. + 10,950 
tradiol dipropionate, 10 | 
wk. 
4 6 326 Folie acid, 100yg. + testos- 1130 
terone, 0.5 mg. 
| 6 327 | Estradiol dipropionate, 10 140 
| 
6 6 | 326) Testosterone, 0.5 mg. 220 


* Folie acid was administered by «tomach tube, whereas sex 
hormones were given by intramuscular injection. 

? Figures are average daily CF exeretion from a 7 day test 
period. In Experiment 2 urine from each rat was collected in 600 
mg. of ascorbic acid solution per bottle. Urine samples were 
assayed for CF after autoclaving at 120° for 30 minutes at pH 7.0. 


dipropionate is also obtained in rat urines collected in bottles 
containing 600 mg. of ascorbic acid, it is apparent that the stimu- 
latory effeet of estradiol dipropionate on the conversion of 
folie acid to CF is not due to its influence on the nonenzymatic 
formation of CF from precursors but ix the result of its effect 
in rive on the conversion (3). The stimulatory effect of estradiol 
dipropionate on folie acid to CF conversion in male rats is not 
reversed by simultaneous administration of testosterone (3), 
but extradiol dipropionate ceases to enhance the conversion in 
the castrated male rats. In contrast to the stimulatory effect 
observed in male rats, estradiol dipropionate inhibits the con- 
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Taste IV Taste VI 
Effect of administration of sex hormones on urinary excretion of Effect of administration of sex hormones on urinary excretion of 
CF by castrated male rats CF by castrated female rats 
Rats CFT pat day per rat Rats | CPT per aay per tat 
Supplement® to basal diet ee — 
per day per rat Renee! per day per rat Senert-| Renee! 
ment 1 | ment 2 |¥erage ment 1 | ment 2 
1 | 4 | 270 | None 340 | 230) 285 1 | 4 218 | None 210 | 199 | 2 
2 | 4 | 274 | Folic acid, 100 yg. 1210 | 1320 | 1265 2 4 220) Folic acid, 100 yg. 840 | 610 «725 
3 | 4 | 267 | Folic acid, 100 wg. + estra- | 1100 | 1360 1230 3 4 219 Folic acid, 100 sg. + estra- 810 | OO 7H 
diol dipropionate, 10 xg. diol dipropionate, 10 yg. 
4 | 4 | 268 | Folic acid, 100 ug. + testos- | 830 650 740 4 4 227 Folic acid, 100 ug. + testos- | 930 | 600 | 810 
terone, 0.5 mg. terone, 0.5 mg. 
5 | 3 | 267 | Estradiol dipropionate, 10 320 340 330 5 3 222 Estradiol dipropionate, 10| 200 170 | 215 
6 | 3 | 270 | Testosterone, 0.5 mg. 130 215 6 | 3 218 Testosterone, 0.5 mg. 300 


* Folic acid was administered by stomach tube, whereas sex 


hormones were given by intramuscular injections. 

t Figures are average daily CF excretion from a 7 day test 
period. Urine samples were assayed for CF after autoclaving at 
120° for 30 minutes at pH 7.0. 


Taste V 
Effect of administration of sex hormones on urinary excretion of 
CF by female rats 


Urinary excretion of 
Rats CFt per day per rat 
ment 1 | ment 2 
Zie« 
em. 
1 | 4 180 None 110 «6210 160 
2 | 4 | 179 | Folic acid, 100 ug. 680 | 830 | 755 
3 | 4 | 176 | Folic acid, 100 wg. + estra- 300 | 560 | 460 
tradiol dipropionate, 10 
4 4 | 180 | Folic acid, 100 ug. + testos- | 810 680 745 
terone, 0.5 mg. 
5 | 3 | 182. Estradiol dipropionate, 10 9 | 190 140 
ue. 
6 179 | Testosterone, 0.5 mg. 1400 #00 


* Folic acid was administered by stomach tube, whereas sex 
hormones were given by intramuscular injections. 

? Figures are average daily CF excretion from a 7 day test 
period. Urine samples were assayed for CF after autoclaving at 
120° for 30 minutes at pH 7.0. 


version in the female rats and is without effect in the castrated 
female rats. Testosterone inhibits the conversion in vivo 
of folic acid to CF in castrated male rats but is without effect 
in intact male and female rats and in castrated female rats. 
Administration of estradiol dipropionate to intact male rats 
lowers the weight of the accessory sex organs (3), but it increases 
the weight of the uterus in the castrated female rats (16). It 
is without effect in intact female and in castrated male rats.’ 
Testosterone, on the other hand, enhances the weight of the 
accessory sex organs of the intact male (3), castrated male, 
and castrated female rat (16), but is without effect in normal 


* V. M. Doctor, unpublished experiments. 


* Folic acid was administered by stomach tube, whereas sex 
hormones were given by intramuscular injections. 

t Figures are average daily CF excretion from a 7 day test 
period. Urine samples were assayed for CF after autoclaving at 
120° for 30 minutes at pH 7.0. 


female rats? Huggins and Jensen (16) have also reported an 
increase in the weight of the uterus of ovariectomized rats after 
administration of testosterone. The data on the effect of sex 
hormones on the tissue weight of the accessory sex organs’ (3) 
and the excretion of CF in the urine after folic acid administra- 
tion indicate that some relationship may exist between the tissue- 
growth response to sex hormones and the conversion in vivo of 
folic acid to CF. The significance of this relationship is still 
obscure. 

The results on the effect of adrenalectomy on the urinary 
excretion of CF by male rats are presented in Table VII. Ex- 
cretion of CF by the adrenalectomized rats is lowered by 3 
per cent as compared with excretion by the controls that under- 
went sham operations. Administration of 100 yg. of folic acid 
to these controls increased the excretion of CF 3-fold, whereas 


Taste VII 
Effect of adrenalectomy on urinary excretion of CF by male rats 
Rete | CFT per aay por vot 
Supplement® to basal diet 
iF per day per rat - 
week an Average 
z 
272 Sham operation 330) 335 
| 2% + Folie acid, 100 gg. 1150) 980 1065 
3141273 + Folie acid, 100 gg. + 1070 | 1140 | 1105 
cortisone acetate, 2 mg. 
4 4 255 Adrenalectomy 199) «©6210, 
21 + Folic acid, 100 yg. 330 380 «6355 
6, 4 2% + Folie acid 100 yg. + 63 62 635 
| | cortisone acetate, 2 mg. 


* Folic acid was administered by stomach tube, whereas corti- 
sone acetate was given by intramuscular injections. 

t Figures are average daily CF excretion from a 7 day test 
period. Urine samples were assayed for CF after autoclaving at 


120° for 30 minutes at pH 7.0. 
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similar treatment of the adrenalectomized rats increased CF to 
less than 2-fold. Cortisone acetate enhanced the excretion of 
treatment of normal animals subjected to sham operations was 
without effect. These results suggest a possible role of the 
adrenals in the enzymatic conversion of folic acid to CF. It is 
interesting to note that administration of 2 mg. of cortisone 
acetate per day per rat only partially reverses the effect of 
adrenalectomy on the conversion. Adrenalectomy had no ap- 
preciable effect on the weight of the accessory sex organs.’ 

The data on the effect of hypophysectomy on the urinary ex- 
eretion of CF by male rats are reported in Table VIII. It is 
apparent that hypophysectomized rats excrete several times less 
CF than do the normal rats. Also the conversion in vivo of 
folie acid to CF is significantly lowered in the hypophysecto- 
mized rats. Administration of growth hormone alone does not 
affect the excretion of CF, but when given together with folic 
acid it enhances almost 2-fold the conversion in riro of folic acid 
to CF. There is a several-fold decrease in the weight of all 
the accessory sex organs in the hypophysectomized rats as com- 
pared to those in the normal animals* (16). 

The results of adrenalectomy and hypophysectomy in lower 
ing the conversion of folic acid to CF and the partial reversal 
by cortisone acetate and beef-growth hormone, respectively, 
indicate possible roles of the adrenals and the pituitary on the 
conversion of folie acid to urinary CF. 


SUMMARY 

Of the total increase in citrovorum factor activity observed 
in the urine of male rats after administration of a test dose of 
folic acid, about 20 per cent can be accounted for as 
citrovorum factor, and the remaining SO per cent is present in 
the form of a heat-labile compound which upon autoclaving in 
the presence of ascorbic acid gives citrovorum factor. Ad- 
ministration of ascorbic acid to male rats receiving folic acid 
does not augment the active formation of citrovorum factor, 
but it does protect the precursor of citrovorum factor in the urine 
from destruction by heat and air. 
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Taste VIII 
Effect of hypophysectomy on urinary excretion of CF by male rats 
rinary excretion 
Rate pee day per vet 
1 3 | 170 None #0 | 4 
2 3 | 170) Growth hormone, 0.5 mg. 0 BD 44% 
3 | 172 Folie acid, 100 yg. 110 6 
4 $4 173 Folic acid, growth 20 3200 20 
hormone, 0.5 mg. 


* Folie acid was administered by stomach tube, whereas growth 
hormone was given by intramuscular injection. 

t Figures are average daily CF excretion from a 7 day test 
period. Urine samples were assayed for CF after autoclaving at 
120° for 30 minutes at pH 7.0. 


Estradiol dipropionate enhances the conversion in vivo of 
folic acid to citrovorum factor in male rats, as measured by the 
urinary excretion of citrovorum factor after administration of 
folie acid, and it inhibits the conversion in female rats. It 
has no similar effect in castrated male and female rats. Testos- 
terone inhibits the conversion in rive of folic acid to citrovorum 
factor in castrated male rats but is without effect in intact male 
and female rats and in castrated female rats. 

Adrenalectomy and hypophysectomy lower the conversion 
in vivo of folie acid to citrovorum factor in male rats. Ad- 
ministration of cortisone acetate to adrenalectomized rats and 
administration of beef-growth hormone to hypophysectomized 
rats enhance the conversion. 


Acknowledgments—The author is indebted to Mrs. Peggy 
Dixon and Mr. William B. Kitzman for valuable technical assist- 
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In previous work (1-4) three catalytic activities of glyceralde- 
hyde-3-phosphate dehydrogenase from rabbit muscle have been 
described, using acetaldehyde and acetyl phosphate as readily 
available and relatively stable analogues of the natural 3-carbon 
substrate. It was shown that the crystalline enzyme catalyzed 
(a) reversible oxidation of acetaldehyde to acetyl phosphate, 
(6) transfer of the acetyl group of acetyl phosphate to inorganic 
phosphate, CoA, and other sulfhydryl acceptors, and (c) hy- 
drolysis of acetyl phosphate to acetate and inorganic phosphate. 
The oxidation and transfer reactions proceed readily under con- 
ditions which maintain free sulfhydryl groups. On the other 
hand, maximal hydrolytic activity occurs under conditions which 
oxidize or block sulfhydryl groups as will be discussed below. 
The hydrolytic activity is examined both from the standpoint 
of the reagents which inhibit or stimulate the reaction and by 
comparison of the cleavage points in the enzymatic and nonen- 
zymatic hydrolyses of acetyl phosphate using HO”. The 
results suggest that certain changes in the structure of the active 
site alter the normal course of the reaction and allow hydrolysis 
of an acyl-enzyme intermediate. 


EXPERIMENTAL 


Materials and Methods 


Glyceraldehyde-3-phosphate dehydrogenase was crystallized 
from rabbit muscle according to the method of Cori et al. (5). 
The enzyme unless otherwise specified was recrystallized several 
times in the presence of 0.001 m cysteine in order to keep the 
preparation maximally active. For the measurement of the 
phosphatase activity cysteine and glutathione were omitted 
from the reaction mixtures. Lithium monoacetyl phosphate 
was prepared by the method of Stadtman and Lipmann (6). 
DPN and DPNH were obtained from the Sigma Chemical Com- 
pany. Neurospora DPNase was kindly supplied by Dr. Nathan 
Kaplan. Thyroxine was obtained from Smith, Kline and French 
Laboratories. The triiodothyronine and triiodothyroacetic 
acid were a gift from Dr. Rosalind Pitt-Rivers. 

Inorganic phosphate was determined by the method of Fiske 
and SubbaRow (7). The procedure of Lowry and Lopez (8) 
was used to measure the inorganic phosphate in the presence of 


* This investigation was supported by grants from the National 
Science Foundation and the Muscular Dystrophy Associations 
of America, Inc. Part of this work was carried out at Brookhaven 
National Laboratory under the auspices of the United States 
Atomic Energy Commission. 

t Scholar in Cancer Research, The American Cancer Society. 


acetyl phosphate. Acetyl phosphate was estimated by the 
hydroxamic acid procedure of Lipmann and Tuttle (9). The 
HO" containing 1.4 atom per cent excess O" was obtained from 
the Stuart Oxygen Company. The O” determinations on the 
inorganic phosphate were carried out by reduction of the 
Ba,(PO,), with carbon by the method of Cohn and Drysdale 
(10). 
Studies with 0" 

In order to establish the bond which was hydrolyzed by glve- 
eraldehyde-3-phosphate dehydrogenase, the enzymatic reaction 
was carried out in HAO". In addition, the hydrolysis of acetyl 
phosphate catalyzed by base, acid, and pyridine was also investi 
gated using HO". The experimental conditions and the results 
of these experiments are given in the following section. 

Enzymatic Hydrolysis of Acetyl Phosphate—36 mg. of dried 
sodium acetate were added to 11 mi. of HO” and neutralized 
to pH 5.9 with 2 ~ acetic acid. SO mg. of lithium acetyl phos 
phate were added to the buffer. This solution was then poured 
into a centrifuge tube containing 0.66 pmoles (80 mg.) of packed 
crystals of glyceraldehyde-3-phosphate dehydrogenase. An 
excess of enzyme was used in order to insure complete hydrolysis 
within an hour, as determined by the hydroxamic acid analysis 
for acetyl phosphate. 0.5 ml. sample was then removed for 
measuring the O" content of the water. The solution was 
neutralized to pH 8.5 with approximately 0.1 ml. of 10 s KOH. 
Solid BaCl, was added to the solution until no precipitate was 
observed in the supernatant with further addition. The pre- 
cipitate which contained the protein as well as the Ba,(PO,s: 
was suspended in 5 mi. of 0.2 ~ HBr and homogenized for 5 
minutes in a tight-fitting homogenizer to break up the particles 
and extract the phosphate. The precipitate was collected by 
centrifugation and extracted three times in a similar manner. 
The combined supernatants were neutralized to pH 7.5 with a 
CO-free solution of 0.22 ~ Ba(OH)-BaCl, The precipitate 
was washed with CO-free H,O, dissolved in 0.2 ~ HBr, boiled 
3 minutes, and then reprecipitated and washed again. The 
precipitate was dried in a vacuum over KOH and CaCl, for 2 
days, and the last traces of HO were removed in an Abderhalden 
apparatus before the O” analysis. 

Nonenzymatic Iydrolysia of Acetyl Phosphate—A_ typical 
nonenzymatic experiment was that performed in formate buffer. 
Formic acid (0.09 ml.) was added to 20 mil. of HO", and the 
solution was adjusted to pH 3.5 with solid sodium hydroxide. 
Lithium acetyl phosphate (75 mg.) addition brought the pH to 
38 where it remained during the course of the experiment. 
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After 16 hours at room temperature and 5 hours at 37° the 
hydrolysis was complete as determined by hydroxamic acid 
analvsis. A sample of the solution was taken to determine the 
0* content of the HO. 163 mg. of BaCl, were added to the 
remaining solution, and the mixture was neutralized to pH 8.0 
by addition of solid sodium hydroxide. The precipitate was 
dissolved in 5.0 ml. of 0.2 » HBr, boiled 3 minutes, and neutral- 
ized to pH 8.0 with BaOH-BaCl,-CO,-free solution. The precip- 
itate was washed twice with CO-free water. It was dried in a 
desiccator over NaOH and then in a vacuum at 100° in prepa- 
ration for O* analysis. 

Similar procedures were used in the pyridine and acid catalyzed 
hvdrolyses. 


EXPERIMENTAL RESULTS 


Acetyl Phosphatase Activity —The hydrolytic activity of glye- 
eraldehyde-3-phosphate dehydrogenase is shown in Table I. 
The enzyme was incubated with the acetyl phosphate in the 
absence of any added reducing agent such as cysteine or gluta- 
thione. After 1 hour 8 gmoles of acetyl phosphate were 
hydrolyzed as indicated by the appearance of inorganic phosphate 
determined by the Lowry and Lopez procedure (8). This result 
is in agreement with the hydroxamic acid analysis (9) which 
indicates the disappearance of an equivalent amount of acyl 
derivative. 

Properties—The hydrolytic activity ix increased about 50 
per cent by lowering the pH from 8.2 to 7.0, whereas the rate of 
oxidation of aldehydes is greatly accelerated by raising the pH 
above 7.0 (5). Rafter and Colowick (11) reported that the 
maximal phosphatase activity was found at pH 5.9 in 0.1 
succinate buffer. In Veronal buffer (Winthrop Laboratories), 
pH 8.2, the hydrolysis of acetyl phosphate in the absence of 
added cysteine is twice as rapid as the arsenolysis reaction in 
the presence of the reducing agent. 

The phosphatase reaction ix not detectably affected by 0.001 
uw phosphate and is 40 per cent inhibited by 0.01 phosphate. 
The transacetylase and arsenolysix reactions of this enzyme are 
ale slowed by phosphate (12). The phosphatase activity of 
the dehydrogenase ix destroyed by heating the enzyme for 5 
minutes at 60° at pH 7.5 of 3.5. Under the same conditions the 
activity of the acetyl phosphatase studied by Lipmann (13) 
showed no loss of activity and ix, moreover, known to be unaf- 
fected by prolonged boiling at pH 3.0. 

DPN The effect of removal of enzymatically 
bound DPN on acetyl phosphatase activity was tested since a 
requirement of the coenzyme for the phosphate exchange and 
arsenolysis reactions had been previously shown. The quanti- 
tative data for the DPN requirement are shown in Table II. 
In the presence of the enzyme crystallized with 2 molecules of 
hound DPN (14), 4.1 wmoles of acetyl phosphate disappear in 
thour, When DPN is removed from the enzyme by absorption 
on charcoal only 0.5 gmole of acetyl phosphate is hydrolyzed. 
The addition of DPN to DPN-free enyame results in the re- 
appearance of phosphatase activity. 

DPNH ix only about half as active as DPN in the restoration 
of the catalytic hydrolysis. An accurate comparikon of DPNH 
aml DPN in this reaction ix complicated by the fact that DPNH 
is oxidized to DPN in the presence of acetyl phosphate (1). 
The concentration of bound DPNH i« therefore diffieult to de- 
termine. However, as the DPNH is less active than the DPN, 


Taste I 


Hydrolysis of acetyl phosphate by gl yceraldehyde-3- 
phosphate dehydrogenase 


The complete system contained 120 smoles of sodium Veronal, 
pH 8.2; 10 smoles of acety! phosphate ; and 0.087 wmoles of glycer- 
aldehyde-3-phosphate dehydrogenase. The total volume was 
5.0 ml. and the incubation time, 1 hour. Suitable aliquots were 
analyzed for total phosphate, inorganic phosphate, and acetyl 
hydroxamic acid as described under ‘‘Methods"’ section. 


| | Acetyl 
Time Total Inorganic | Acid labile 
phosphate phosphate | phosphate | 
wmoles umoles moles 
0 Complete 13 99 10.1 
No enzyme 
Noenayme 11.2 10 | 0.2 | 9.4 


Taste Il 
Requirement for enzymatically bound DPN in hydrolysis of acetyl 
phosphate by glyceraldehyde -3- phosphate dehydrogenase 

The complete system contained 40 ymoles of Veronal buffer, 
pH 8.2; 5 smoles of acetyl phosphate ; and 0.035 smoles of enzyme. 
The DPN was removed from the enzyme by treatment with char- 
coal (14) and 0.105 ymoles DPN were restored to the DPN-free 
enzyme. The total volume was 2.0 ml. and the incubation time, 
lhour. The reaction mixtures were analyzed by the hydroxamic 
acid method (9). 


| 
me 
0 None 0 
Enzyme-( DPN), complex 0 
I None | 0.2 
Enzyme-(DPN), complex | 4.1 
Enzyme-DPN removed 0.5 
| Enzyme-DPN restored 4.1 


the possibility that reduction and oxidation could account for 
the phosphatase reaction is very unlikely. 

When glyceraldehyde-3-phosphate dehydrogenase was pre- 
incubated for 15 minutes with neurospora DPNase at a concen- 
tration which split 10 wmoles of DPN in 7 minutes, the phos- 
phatase activity was completely destroyed. Nicotinamide, 
ADP, AMP, and adenylie acid at dehydrogenase to cofactor 
ratios of 1:4 and 1:100 cannot be substituted for DPN in the 
hydrolytic reaction. Thus the intact DPN moiety appears to 
be necessary for phosphatase activity. 

Inhilitors—The phosphatase activity is inhibited by gluta- 
thione, evsteine, cyanide, and bisulfite (Table 11). An enayme 
which was recrystallized in 0.001 « evanide did not show signifi- 
cant hydrolytic activity (4). Since these compounds can react 
with disulfide bonds, the reduced sulfhydryl groups appear to be 
incompatible with hydrolytic activity. However, these four 
inhibitors can also combine with enzymatically bound DPN 
(16, 17). Several other inhibitors, tested by Krimsky and 
Racker (17), hydroxylamine, s«emicarbazide, and phenyl hydra- 
zine, could also be linked to the coenzyme. As DPN has been 
shown to be essential for hydrolytic activity, these compounds 
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Taste III 
phosphate dehydrogenase 


The same reaction system was used in this experiment as in 


Table II. The molarity of the inhibitors is shown in the second 
column. 
Inhibitor Molarity of inhibitor Inbibstion 
per cons 
None 
Glutathione 1x &5 
Cysteine 1x 10" 70 
Cyanide 1x 10" 92 
Bisulfite® 5 x 92 


* The reaction was measured for 0.5 hour in 0.06 w bicarbonate 
buffer, pH 8.3. The buffer alone did not promote the hydrolysis 


of acetyl phosphate. 


Tasie IV 
Effect of sulfhydryl inhibitors and uncoupling reagents on hydrolysis 
of acetyl phosphate catalyzed by glyceraldehyde - 
S-phosphate dehydrogenase 

The reactions with the sulfhydryl reagents and the uncoupling 
compounds were carried out as described in Table I. The enzyme 
was preincubated with the sulfhydryl inhibitor for 10 minutes 
before starting the reaction with acetyl phosphate. The un- 
coupling reagents were not preincubated with the enzyme. 


Acetyl 
Incubation | 
min. per cont 
15 None 
lodoacetic acid 1.6 0 
p-Cl-mercuribenzoic acid 5X 0.0 100 
p-Cl-mercuribenzene 0.0 100 
sulfonate 
10 None 1.1 
Thyroxin 0.7 % 
0.9 18 
Triiodothyronine 00 100 
5x | 0.7 36 
Tetraiodothyroacetic acid 2X 10* 0.07 93 
02 £2 
Dinitrophenol | 0.5 SA 
(1x10) 0.9 18 


may decrease the hydrolysis by reacting either with bound 
DPN and/or directly with the i 

It has been shown that the hydrolytic activity is not inhibited 
by iodoacetic acid or iodosobenzoate (11, 17). The effect with 
iodoacetate is confirmed in Table IV. In this system concen- 
trations of iodoacetate as high as 1 x 10 have not altered the 
rate of hydrolysis. However, when the enzyme is pretreated 
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Taste V 


Enzymatic and nonenzymatic hydrolysis of acetyl phosphate in Hy" =} 
The conditions for the hydrolyses and isolation of the phos- 


phate are described in the text. 
| Per cent 
| | | 
| Phosphate | 
1 | Glyceraidehyde-3-phos- 1.4 | 0.00 1.5 
2 phate dehydrogenase 1.31 -0.01 -0.3 
3 | | 20 
4 KOH | 4.32 00000 
5 | Formate buffer 0.1 > 
pH 38 
6 HCI (0.102129 
7 100 HCI +135 «00.0730 
1.09 HCl | 1.35 0.0767 
9 20 HCI (0.08209 
10 3.04 HCI «0.0877 1S 
11 | Pyridine 2.0m, pH95 1.37 0.2922 >90 
12 | Pyridine 0.4 pH 8.7 1.37 0.237 


with p-Cl-mercuribenzoic acid or p-Cl-mercuribenzene sulfonate 

there is a complete inhibition of the phosphatase reaction. Al | 
though both iodoacetic acid and p-Cl-mercuribenzoic acid are 
known to abolish the spectrum of the DPN-cnzyme complex 

(3), this does not necessarily indicate that the DPN is displaced 
from the enzyme surface by both reagents. Perhaps only the 
larger molecules make it sterically impossible for the DPN to 
remain bound to the enzyme, thereby accounting for the selec- 
tive inhibition by p-Cl-mercuribenzoic acid and p-Cl-mercuri- 
benzene sulfonate. 

The effect of thyroxine on the phosphatase activity of the 
crystalline dehydrogenase was tested since the hormone has been 
shown to inhibit the in vitro activity of the heat stable acetyl 
phosphatase of muscle (18). In order to avoid the solubility 
problem with thyroxine and its analogues, the usual incubation 
period was shortened to 10 minutes. As seen in Table IV, the 
most effective inhibitor is triiodothyroacetic acid, then triiodo- 
thyronine, and lastly thyroxine. Dinitrophenol was apparently 
less effective than any of the above compounds. 

O”* Studies—The O” results are summarized in Table V. The 
enzyme clearly catalyzes cleavage at the C—O bond. The 
indicate an alternate pathway. 

The nonenzymatic results show C—O cleavage in base chang- 
ing to P—O cleavage as the pH is decreased in agreement with 
Bentley's observation (19). On further lowering of pH to the 
strong acid region, however, a further change to predominant 
C—O splitting is observed. This over-all pattern ix in excellent 
agreement with the predictions based on kinetic data (20) and 
hence supports the mechanisms deduced from the kinetic data 
as far as acid and base catalysi« are concerned. 

The pyridine results, however, conflict with the previous 
prediction (20) that pyridine would attack carbon preferen- 
tially. Attack by nitrogen on carbon must occur in some cases 
as evidenced by the formation of acyl amide derivatives (21) 
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but apparently in the case of pyridine in aqueous solution attack 
on the phosphorus of acetyl phosphate occurs in preference 
to attack on carbon. The pyridine catalyzed hydrolysis of 
acetyl phosphate appears, therefore, to proceed predominantly 
via a phosphory! pyridinium intermediate. 


It would seem certain that hydrolysis of acetyl phosphate is a 
property of glyceraldehyde phosphate dehydrogenase and is not 
due to contamination. Hydrolytic activity was not diminished 
in a preparation recrystallized as many as cight times. Further- 
more, the requirement for DPN is characteristic of the dehy- 
drogenase and not of other known phosphatases. The present 
enzyme differs from the acetyl phosphatase of muscle described 
by Shapiro and Wertheimer (22) and Lipmann (13) in that it is 
inhibited by 0.001 w cyanide, whereas the other phosphatases 
are not affected by concentrations as high as 0.1 «. The hy- 
drolytie activity of the dehydrogenase can also be distinguished 
from the muscle acetyl phosphatase described by Lipmann as the 
latter is heat stable (13) and catalyzes an O-—P rather than a 
C—O split (19). 

It seems as if the development of hydrolytic activity were due 
to a change in the nature of the active site on the enzyme. The 
lox of at least one sulfhydryl group is involved as shown by 
activation of the hydrolytic activity with iedoacetic acid or 
preparation of the enazyme in the absence of —SH activators. 
That this change involves a modification of the normal site 
rather than the creation of new sites is suggested by the follow- 
ing considerations. First, DPN is required for the hydrolytic 
activity just as it is required for phosphate transfer. More- 
over, the DPN subunits are inactive cither when prepared 
in situ by Neurospora DPNase or when added separately. 
Secondly, both the hydrolysis and, as previously shown (23), 
the reversible oxidative phosphorylation catalyzed by the de- 
hydrogenase proceed with a C—O cleavage. Moreover, the 
O”* results establish that the bound DPN is acting in conjunction 
with the enzyme to cause the hydrolysis of acetyl phosphate 
rather than simply as a pyridine type base which happens to be 
adsorbed to protein. In the latter case P—O cleavage would 
be expected whereas C—O cleavage is observed. Either the 
DPN is acting to assure the proper conformation of another 
carbonyl attacking group on the protein, ¢g. imidazole, or else 
the protein maintains an acetyl phosphate-DPN geometry which 
assures C—O cleavage. Both alternatives are compatible with 
the data and both involve a combined DPN-protein interaction. 
It would be tempting to use the observed nomenzymatic P—O 
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cleavage to exclude DPN as the nucleophilic group but this would 
not be justified. The nonenzymatic data show that in aqueous 
solution in the absence of other restraints attack by the aromatic 
nitrogen occurs more readily at the phosphorus than at the car- 
bon. However, attack by nitrogen containing compounds on 
the carbonyl of acetyl phosphate (21) and of other acyl com- 
pounds is well known (24-27). Moreover, the observed changes 
from C—O to P—O cleavage on alteration of pH and the fact 
that both C—O and P—O cleavage occur simultaneously in 
strong acid suggests that the relative reactivity to nucleophilic 
reagents of the carbonyl and phosphoryl groups is quite similar. 
The geometry of the protein surface could easily, therefore, 
allow the bound DPN to attack acetyl phosphate exclusively 
at the carbonyl carbon. 

The above reasoning leads to the conclusion that DPN is 
acting at its normal site in close analogy to its behavior in the 
transfer reactions. The most reasonable explanation is that the 
initial acyl-enayme is the same in the normal transfer reactions 
and in the hydrolytic reaction. In the normal reaction, how- 
ever, this intermediate fails to react with water either because 
of its own intrinsic properties or because a subsequent transfer 
to a neighboring group proceeds more rapidly than the water 
reaction. The modification of the protein structure caused by 
the sulfhydryl group change either destabilizes the first acyl- 
enzyme intermediate or blocks the subsequent reaction with a 
neighboring group without destroying the ability of the enzyme 
to make an initial attack on acetyl phosphate. 


1. The hydrolysis of acetyl phosphate catalyzed by glyceral- 
dehyde-3-phosphate dehydrogenase has been studied. The 
enzyme develops a DPN dependent hydrolytic activity under 
conditions which favor the modification of its sulfhydryl groups. 

2. Studies with O" showed that the glyceraldehyde-3-phos- 
phate dehydrogenase, unlike other phosphatases, catalyzed a 
C—O split of the acetyl phosphate. The nonenzymatic hydroly- 
sis of acetyl phosphate proceeds predominately by an O—P split 
at neutral pH, but changes to a C—O split at both 3.0 « HC! 
and 3.0% KOH. Pyridine catalyzes a hydrolysis of the O—P 
bond. 

3. The above findings suggest that the hydrolytic activity 
of glyceraldehyde-3-phosphate dehydrogenase arises through an 
alteration of the active site which allows the formation of the 
usual acyl-enzyme intermediate but changes the course of its 
subsequent reactions. 
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Formation of Tetralin-p-Quinol and a Protein-bound Derivative 
from Tetrahydro-2-Naphthol-8-C" by Rat Liver Microsomes* 


Exnicn Heckexrt ano Geratp C. Mveirer 


From the McArdle Memorial Laboratory, University of Wisconsin, Madison, Wisconsin 
(Received for publication, April 25, 1958) 


Homogenates or microsome preparations from either rat or 
mouse liver metabolize estradiol rapidly in the presence of TPNH 
and oxygen. A protein-bound metabolite (1) and five organic- 
soluble metabolites have been molated from the reaction mixture 
(2). In the attempt to clucidate the mechaniem and biological 
«nificance of the protein-binding reaction, derivatives of 
tradiol substituted in the | or 17 positions, or both, with methyl 
groups, and in the 2 or 4 positions with fluorine, were synthesized 
and tested in this system (3). However, substitution of these 
positions did not influence the rate of protein binding, thus in- 
dicating that these positions were not involved in the binding 
process, 

To further limit the potential sites for the protein-binding 
reaction, (Compound 1), 
which represents only rings A and B of estradiol, was «ynthe- 
siaed and studied as a model compound (Fig. 1). The present 
paper demonstrates that in the rat liver microsome system in 
the presence of TPNH and oxygen thie compound was bound 
to protein to an extent similar to that of estradiol. In addition, 
a new phenol metabolite, Tetralin-p-quinol (Compound I), 
has been isolated from the reaction mixture. The implications 
of this finding with reference to its effects on the oxidative me- 
taboliem of phenols in the microsomal system fortified with 
TPNH are dixcused. 


Incubation System—Alter an overnight fast, female rate 
were killed by decapitation and the livers were transferred to 
ied KCL 10 per cent homogenates were prepared either 
in 0.154 4 KCI for whole homogenate studies or in 0.25 w sucrose 
when the microsome fraction was isolated. The microsome 
fraction was obtained according to the method of Schneider and 
Hogeboom (4). 

Unless specified, the reaction medium in the experiments with 
whole homogenate contained the following ingredients: 0.3 ml. of 
a 10 per cent rat liver homogenate, 0.15 ml. of | Mt nicotinamide, 
0.4 mi. of 0.03 hexose diphosphate, 0.2 mi. of TPN (200 
0.2 ml. of DPN (200 0.1 mil. of O.1 MgSO, 0.45 ml. of 


* This work was supported by « grant from the Alexander and 
Margaret Stewart Tru«t Fund, Grant No. 1807-44 from the 
United States Public Health Service, and an Institutional Grant 
from the American Cancer Society. 

Present address: Max-Planck In«titut fur Biochemie, Munich, 
Germany. 

' The abbreviations used are: Compound 1, 5,6,7,8-tetrahydro- 
2 naphthol.4-C™; and Compound Tetralin-p-quinel. 

* Holtzman Rat Company, Madixon, Wisconsin. 


tw KCl, 0.9 mil. of 0.05 potassium phosphate buffer at pH 
7.4, O.1 ml. of tetrahydro-2-naphthol-8-C™ (10 yg. with 32,150 
¢.p.m.), and water to a final volume of 3.0 ml. In the experi- 
ments with microsomes the reaction medium was as follows: 
0.3 ml. of rat liver microsomes (derived from 250 mg. of fresh 
liver), 0.2 ml. of | st nicotinamide, 0.2 ml. of TPNH (2000 yg.), 
2.2 mil. of 0.05 potassium phosphate buffer or Tris buffer at 
pH 7.4, and 0.1 mil. of buffer at pH 7.4 containing tetrahydro-2- 
naphthol-S-C™ (10 we. with 32,150 ¢.p.m.). 

Incubations were carried out at 37.5° in 25 ml. Erlenmeyer 
flasks for 15 minutes in an atmosphere of air. The reaction 
was terminated by the addition of | mi. of | ~ HCl. The 
organic-soluble metabolites were removed first by three suce- 
cessive extractions with 5 ml. portions of ether, and the proteins 
remaining in the aqueous phase were then precipitated with 3 
mil. of 20 per cent trichloroacetic acid. The protein residue was 
washed once with 3.0 ml. of 20 per cent trichloroacetic acid, 
three times with 3.0 ml. of 95 per cent ethanol, and three times 
with 3.0 ml. of dry ether. The protein residues were distrib- 
uted evenly over aluminum planchets with the aid of a small 
amount of SS per cent formic acid and dried at room tempera- 
ture, and the radioactivity was determined in a gas flow propor- 
tional counter. All data were corrected for self-absorption. 

High purity TPNH was prepared by reduction of TPN 
(Sigma, OS per cent pure) with Na S,0, and then by chroma- 
tegraphie purification.’ 

Preparation of (I)— 
11.2 mg. of 2-naphthol-S-C™ (0.1 me.) was dissolved in 2 ml. of 
benzene containing 0.2 ml. of dry pyridine and 0.1 mil. of ben- 
zoyl chloride. After 64 hours at room temperature the mixture 
was poured into water and the organic phase was extracted with 
water and | successively. 

For the selective hydrogenation of the unsubstituted ben- 
zene ring, the vellow-colored residue remaining on evaporation 
of the solvent was dissolved in 2 mil. of glacial acetic acid and 
shaken intensively with 3 mg. of PtO, for 75 minutes under hy- 
drogen (15 pounds per sq. in.). After removal of the catalyst 
the solvent was evaporated in a vacuum over KOH to yield a 

Saponification of the ester was accomplished by dissolving 
this dry residue in 1 mil. of 1 « KOH in methyl Cellosolve (5). 
After this had been allowed to stand for 24 hours at room tem- 
perature the solvent was evaporated in a vacuum over KOH 
and H,SO, The residue was suspended in | ml. of 1 ~ HCl 
and extracted four times with | to 2 mil. of peroxide-free ether. 


*G. Rumney and G. C. Mueller, unpublished data. 
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Fic. 1. Formulae of 5,6,7,8-tetrahydro-2-naphthol8-C™ (/), 
Tetralin-p-quinol and 2,4-dinitrophenylazo-2-Tetralin (///). 
S denotes a saturated ring. 


The ether extracts were dried over a mixture of Na SO, and 
BaCO, and the solvent was removed in a vacuum. 

The dry residue was dissolved in a mixture of 5 ml. of petro- 
leum ether (b.p., 60-75°) and 0.5 mi. of chloroform and trans- 
ferred to a column (17 & | em. in diameter) of Merck alumina, 
20 gm. of “activity IV” (6). The column was developed suc- 
cessively with the following mixtures of petroleum ether-chloro- 
form: 200: 100, 200:160, and 100:100 ml. 9 ml. fractions were 
collected and the optical density was read at 290 and 330 my; 
(1) absorbs only at 290 my, whereas 2-naphthol absorbs at both 
wave lengths. (1) was eluted with petroleum ether-chloroform 
of 200:100 mi. It was well separated from the small amount 
of residual 2-naphthol-S-C™. The fractions containing (1) were 
combined with 12.4 mg. of nonradioactive (1) and the solvent 
was cautiously removed by low temperature distillation. After 
crystallization from petroleum ether the product melted‘ at 61- 
61.5° and had a specific activity of 3215 c.p.m. per wg. All of 
the radioactivity was accounted for as (1) by both carrier isola 
tion and chromatography of an aliquot on paper. 

Tetralin-p-Quinol (11)—This quinol has been described briefly 
by Asahina and Momose (7) and the rearrangement of the ace- 
tvlated derivative has been studied by Goodwin and Witkop 
(8). With the modifications of the procedure cited below, the 
yield of Tetralin-p-quinol was increased to 34 per cent. Fif- 
teen gm. of 2-nitro-5 6,7 ,8-tetrahydronaphthalene (m.p., 35.5°) 
and 15 gm. of NH,Cl were dissolved in 80 per cent ethanol at 
approximately 80°. With vigorous stirring 13.5 gm. of zinc 
dust were added in small portions over a 10 minute period. 


ethanol extracts were poured into a large separatory funnel con- 
. of water and immediately extracted with 300 
The first extract was immediately shaken vig- 

orously with 80 ml. of 10 per cent (weight to volume) sulfuric 
acid. Considerable crystallization took place in this process. 
The aqueous phase remaining from the first extraction was 
reextracted successively with 200 and 100 ml. portions of ether. 


* Melting points are uncorrected. 
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cessive from acetone (7.0 gm./18 ml.) and ethyl 
acetate (4.5 gm./18 ml.), 5 gm. of Tetralin-p-quinol were ob. 
tained as a white crystalline compound (m.p., 131.5-132.5"). 
Analysis: 
CH Os 
Caleulated: C 73.14, H 7.37 


Found: C 73.15, H 7.36 


In addition to the quinol, a light-sensitive ketone was isolated 
from the cyclohexane-soluble oi] in amounts up to 16 per cent of 
the weight of the starting material; this compound will be de- 
scribed elsewhere. 

Tetralin-p-quinol is insoluble in hexane, petroleum ether, and 
evclohexane; it is slightly soluble in benzene, acetone, and ethyl 
acetate; it is easily soluble in chloroform, methylene chloride, 
methanol, ethanol, methy! Cellosolve, and acetic acid. A sat- 
urated solution in cold water can be prepared containing 7.9 

After hydrogenation with Pd on charcoal in 95 per cent eth- 
anol, no residual quinol could be detected and 5,6,7 .S-tetra- 
hydro-2-naphthol was the primary reduction product. 

Treatment of the quinol with acetic anhydride in pyridine 
at 80° for 6 hours vielded 82 per cent acetyl-(11) (m.p., 76-77"). 
The latter could be saponified under mild conditions to yield the 
original quinol (11); for this purpose 0.1 \ potassium carbonate 
in methanol at room temperature proved supenor to other pro- 
cedures tested (86 per cent vield). 

In agreement with results of Asahina and Momose (7), ace- 
tvlation of the quinol under the conditions of Thicle gave rise to 
the rearrangement product | ,4-diacetoxy-5,6,7 ,8-tetrahydro- 
naphthalene (m.p., 193.5-194.5”). 

2, 4-Dinitrophenylazo-2-Tetralin—Carrier wolations of quinol 
(11) from the microsome reaction system were accomplished by 
converting the carrier quinol to the more stable 2,4-dinitro- 
phenylazo-2-Tetralin which could be purified readily. For exam- 
ple, 10 mg. of (11) dissolved in 0.6 ml. of acetic acid was reacted 
with 0.66 ml. of a saturated solution of 2,4-dinitro-phenyl- 
hydrazine in methyl Cellosolve (19 mg. per ml.). After this 
had been allowed to stand for 48 hours at room temperature the 
solvents were evaporated and the residue was dimolved in 0.5 
mi. of benzene. The solution was chromatographed on a silica 
gel column (17 < 0.5 em. in diameter) with benzene. The first 
band eluted from the column contained 15.7 mg. (#4 per cent 
yield) of 2,4-dinitrophenylazo-2-Tetralin (m.p., 161.5-162°). 
It was recrystallized from cvelohexane (12 mg./2 ml.) or 95 per 
cent ethanol (13 mg./2 ml). 

Analysis: 

CH 
Caleulated: C 58.80, H 4.32, N 17.17 


Found: C 432, N 17.17 


For purposes of characterization, 115 mg. of 2,4-dinitro- 
phenylazo-2-Tetralin were dissolved in Cellosolve and cleaved 
reductively with NaS, Alter acetylation with acetic an- 
hydride in pyridine, the 2-acetyl-amino-5,6,7 ,8-tetrahydro- 
naphthalene was isolated. The identity of the latter was 
established by mixed melting point determination with an 
authentic compound (m.p., 111.5-113.5") and by the identical 
character of the infrared spectra of the two compounds. 


=> 


Ir 
After 10 minutes of further stirring the vellow solution was de- 
canted and the residue was washed successively with 25, 15, 
and 15 mil. portions of 80 per cent ethanol. The combined 
Each time the ether phase was added to the second funnel 
and shaken intensively with the 10 per cent sulfuric acid. After 
2 to 3 hours of continuous shaking the crystalline residue was | 
all dissolved in the sulfuric acid phase. ee 
The combined sulfuric acid solutions were extracted in a 
continuous extractor at 65° with 250 ml. portions of benzene. 
The benzene was changed after 4, 8, and 10 hours of extraction. 
The benzene solutions were combined and evaporated to dryness 
at 30° to yield a semicrystalline residue from which the oil was 
removed by a washing with a small amount of cyclohexane 
followed by a mixture of 2:1 evclohexane-benzene. After suc- 
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Fia 2 Protein binding of estradiol and tetrahydro-2-napht hol - 
in rat liver homogenates. The «yetem ie dexeribed under 
“Methods”. 


Studies on Protein Binding of & 6,7 .8-Tetrahydro-2-N aph- 
thal (1)—The results of an experiment comparing the 
protein binding of (1) and estradiol in the homogenate «ystem 
are shown in Fig. 2; it ix demonstrated that the rate of binding 
is very similar for both compounds. As found in earlier studies 
on the metaboliem of extradiol the omission of DPN did not 
influence the binding, whereas the omieion of TPN or hexose 
diphosphate resulted in 24 and 32 per cent decrease of the bind- 
ing reaction, respectively. Since the homogenate was not pre- 
incubated, the results probably reflect a low level of endogenous 
TPN and oxidizable substrate. In the presence of substrate 
amounts of TPNH, the oxidizable substrate (hexose diphos- 
phate) was not required. Oxygen, however, was «till required 
since incubation in air and nitrogen yiekled proteins with 41 
and 6 ¢.p.m. per mg. of protein, respectively. 

As with estradiol (9) the protein-binding reaction was mainly 
confined to the microsome fraction. In Fig. 3 the cofactor re- 
quirements of the microsome system are further evaluated. 
The vy of the protein binding on the presence of 
TPNH and the relative inefficiency of DPNH in the «vstem 
agree with similar studies on the binding of estradiol (1, 9). 
In addition it was olkerved that with subetrate amounts of 
TPNH the evetem did net require Mg ions. Under the condi- 
specified, the microaxome system usually bound (1) linearly 
ever a 15 minute reaction period (Fig. 4). Microsemes, pre- 
incubated for 15 minutes at 37° in the absence of both TPN 
aml TPNH and subeequently tested in the complete «ystem, 
retained complete activity for binding (1). 

Activators and Inhkibitore—The protein-binding system was 
found to be moderately sensitive to the action of the sulfhydryl 
whibiters, p-chloromercuribenzeate and N-ethylmaleimile (Ta- 
ble 1). This suggested that sulfhwedry!l groupe cither are in- 
volved in the catalytic properties of the binding «ystem or may 
participate as acceptors in the actual binding process. In 
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Fie. 3. The coenzyme requirement of the microsome system. 
Coenzymes were added at 2000 ug. per flask; MgSO, was 003 w. 
The «ystem described under “Methods”. 
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6 l2 
MINUTES OF INCUBATION 
Fig. 4. The accumulation of Tetralin-p-quinol (//) and the 
protein-bound derivative during the metabolism of tetrahydro-2- 
naphthol.s-C™ by microsomes. The system is described in the 
text; 15 ml. of microsome reaction mixture per flask. Incubation 
was stopped by the addition of 500 sg. of (//) at indicated times 
and immediate extraction with peroxide-free diethyl ether. After 
preliminary chromatography on paper, 11 mg. of (//) were added 
as additional carrier and the azo derivative (///) was prepared 
and purified to constant specific activity. The data are expressed 
as total counts per minute present as Tetralin-p-quinol and as 
counts per minute per mg. of protein for the protein-bound metab- 
olite. 
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Taste I 


Effect of inhibitors on binding of tetrahydro-2-naphthol 8-C™ to 
protein by microsomes* 


Tetralin-p-Quinol in Rat Liver Microsomes 


Inhibitor Molarity Inhibition 

as 
8-Hydroxyquinoline _. 
8-Hydroxyquinoline 10" 10 
o-Phenanthroline.......__.. 10” 
o-Phenanthroline...__ . 0 
a,a’-Dipyridyl............ | we 2 
| we 73 
4s 


* Microsome system is described under ‘“‘Methods.”’ 


Tasce Il 
Effect of metal ions and inhibitors on binding of tetrahydro-2- 
naphthol 8-C'* to proteins by microsomes* 


Addition Protein 
(pm. 
Experiment A 
None (microsome control) 79 
MnS0O,, 3.3 10°* 61 
ZnSO,, 3.3 X 10°* 46 
CuB0,, 3.3 X 10m | 7 
CoSO,, 33 X 10° 76 
Experiment B 
None (microsome control) 90 
106 
Fe:(SO,4)3, 10 (TPNH omitted) 6 
Experiment C 
None (microsome control) 139 
113 
FeSO,, 125 
FeSO,, 10° 123 
FeSO,, 10°* (TPNH omitted) 35 
FeSO,, 10° (TPNH omitted) 144 
FeSO,, 10°* (TPNH omitted) 205 
D | 
one (microsome control; TPNH omitted)... | 5 
FeSO,, + N-ethyimaleimide, 145 
FeSO,, + p-chloromercuribenzoate, 10°? 448 
FeSO,, 10°‘ + iodoacetate, 73 
FeSO,, 10°* + cysteine, 10°? 33 


* Microsome system is described under “Methods.” In Col- 
umn 1, “‘none”’ refers to usual complete system, except in Experi- 
ment D, in which TPNH has been omitted throughout. 


addition the inhibition of the system by the chelating agents, 
8-hydroxyquinoline and o-phenanthroline, suggested a possible 
metal-ion requirement. 

To evaluate these findings further, a series of experiments was 
carried out with divalent ions in combination with certain in- 
hibitors; the results of representative experiments are given in 
Table II. It was observed that among the various ions tested 
only ferric ions (10~* m or less) stimulated the binding in the 
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TPNH _-fortified microsome system. Higher concentrations were 
inhibitory; however, in the absence of TPNH ferric ions wer 
ineffective. In contrast, ferrous ions failed to stimulate the 
binding of (1) to protein by the TPNH -fortified microsome 
system. singly, ferrous ions in the absence of TPNH 
yielded a high binding of (1) to protein. The binding in the 
ferrous ion system appeared to be affected nonengymatically 
since microsomes heated for 10 minutes in a boiling water bath 
bound (1) equally well. 

Whereas p-chloromercuribenzoate inhibited the binding proe- 
ess in the TPNH system (enzymatic), this agent actually in. 
creased the amount of binding in the Fe**-supported 
microsomes (TPNH omitted) (Table Il). N-Ethylmaleimide 
and jodoacetate were also effective. On the other hand, eve 
teine decreased the amount of binding of (1) to protein in the 
ferrous ion system. An inhibition of the protein binding of 
estradiol by cysteine and glutathione in the TPN-fortified 
system had been observed previously (1). Although these find- 
ings are incomplete, they support the proposed role of soluble 
SH— groups as competing acceptors in the system and suggest 
conversely that the acceptor on the protein ix not likely to be 
an SH— group. 

Tetralin-p-Quinol (11)—The requirement for TPNH and 
oxygen in the binding of both (1) and estradiol to protein sug- 
gested the possibility of an oxidative attack on the phenol ring, 
resulting in the formation of a reactive intermediate which 
could combine with protein. Previous protein-binding studies 
with ring A-substituted derivatives of extradiol (3) and negative 
carrier experiments with the 2- and 4-hydroxy derivatives of 
estradiol tended to exclude the formation of o-quinoikd inter- 
mediates in this process, but did not rule out p-quinoid inter- 
mediates or metabolites. Accordingly it was decided to look 
for the formation of the Tetralin-p-quinol (11) as a metabolite 
of (1) in the microsome system. 

In a representative experiment six 250 ml. Erlenmeyer flasks 
containing 15 ml. of the standard microsome reaction mixture 
were incubated for 6 minutes with 50 gg. of (1). At this point 
5O wg. of Tetralin-p-quinol in 0.5 ml. of Tris buffer were added 
and the incubation was continued for another 9 minutes. The 
organic-soluble fractions were isolated as usual and the solvent 
evaporated. Each residue was dissolved in small amounts of 
ether and evaporated as a narrow band on a strip of Whatman 
No. | paper (15 & 56 em.). The chromatograms were devel- 
oped at room temperature with a mixture of cyclohexane and 
benzene (800:200 ml.) by descension in a jar saturated with the 
vapors from a mixture of methanol and water (500:500 ml.) 
placed in the bottom. The quinol band was casily detected by 
its ultraviolet absorption, whereas the band of (1) was located 
by Folin’s phenol reagent (10). Although the absolute R, 
values are subject to variation, the approximate values are 0.9 
and 0.5 for (1) and (11), respectively. 

The bands of (11) from the individual flasks were combined. 
After the addition of 11 mg. of (11) ax carrier, the 2,4-dinitro- 
phenylazo derivative was prepared and purified by chromatog- 
raphy on SiO, In total, 16.9 mg. of derivative were isolated 
with a specific activity of 76 ¢.p.m. per mg. The specific activ- 
ity remained constant through successive crystallizations from 
ethanol and cyclohexane. Thus it was concluded that Tetralin- 
p-quinol is a metabolite of (1) in the microsome system. It 
was aleo demonstrated (Fig. 4) that the formation of (11) was 
dependent on the presence of TPNH in the svetem. No at- 
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tempts were made to melate (11) from the nonenzymatic «ystem 
(Fe*, no TPNH). 

When the reaction mixture was analyzed after varying time 
periods, it was found that (11) accumulated linearly, as did the 
radioactivity bound to the protein (Fig. 5). In one experiment 
it was observed that, ax the protein-binding process leveled off 
after 10 minutes of incubation, the accumulation of (11) also 
reached a plateau value. Thus the accumulation of the quinol 
occurred only as long as the system was actively forming the 
protein-bound metabolite of (1). 

Biological Teating—The demonstration of the promoting ac- 
tion of phenols in the production of skin tumors in mice (11) 
prompted the evaluation of tetrahydre-2-naphthel (1) and the 
quinel (11) for their bielogieal activity. For thix purpose 
groups of 20 mice were pretreated with a single application 
each of 0.3 per cent dimethylbenzanthracene in acetone; subse- 
quently | drop of a 1.0 x solution of phenol, (1), or (11) in ace- 
tone-aleohol (50:15) was applied two times a week for 12 weeks 
to the backs of a group of 20 mice for each compound tested. 
After 12 weeks the following papilloma incidence was observed: 
Controls, no papilloma; phenol, 5 papillomas; (1), 16 papillomas; 
and (11), ne papillomas. The authors wish to acknowledge 
gratefully the collaboration of Dr. R. K. Boutwell in thix «tury. 

Compounds I and Ll were alko tested for estrogenic activity 
by the uterine-growth test in immature female mice and found 
to be inactive at 10 yg. per mouse. At this dose, compounds 
with 0.001 the extrogenic activity of estradiol would have been 
easily detected. 


DiscUsstun 


The requirement for TPNH and oxygen in the enzymatic 
binding of extradiol and tetrahydre-2-naphthol to protein sug- 
gests that the activation of oxygen may be an essential step in 
the binding process. In explanation of these experiments it 
is proposed that the initial activation of oxygen may be either 
enzymatic (ic. TPNH -fortified system) or nonenzymatic (i+. 
Fe**-ion system), but that in beth cases a free-radical form of 
oxygen ix formed whieh in turn attacks tetrahydro-2-naphthol 
in a manner analogous to the chemical oxidation of phenolic 
compounds by lead tetraacetate (8S, 12) and peracids (13). 
It ix postulated that a free-radical derivative of (1) i« formed as 
an intermediate which then reacts with an acceptor, the latter 
may be either the protein of the <vstem or smaller molecules of 
the reaction environment. If the acceptor ix a hydroxy! group 
from the medium or possibly from the oxygen activation process 
it«elf, the formation of Tetralin-p-quinol (11) would be expected 
as one of the products. In such a scheme the inhibition of pro- 
tein binding by evsteine could be explained by a trapping of a 
rulieal intermediate. In accordance with this concept, the 
p-chloromercuribenzeate was observed to increase the binding 
in the nonenzymatic (ferrous ion) evetem. On the other hand, 
the sensitivity of the TPNH system (absence of Fe**) to p-chile- 
romercuribenzeate and to N-ethvimaleimide implies that the 
oxvgen-activating system involves a sulfhydryl! enzyme. The 
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Fie. 5. The requirement for TPNH in the formation of Tetra- 
lin-p-quinol by microsomes. The «ystem and procedure are as in 
Fig. 4. The data are expressed ax counts per minute per mg. of 
azo derivative (17/7); 11 mg. of (//) were added as carrier for the 
isolation. 


validity of this concept awaits the characterization of the 
protein-bound metabolite and/or a further resolution of the 
enzyme system. 

The observation that a number of phenols (estradiol, 2-flu- 
oro-l7-methyLestradiol, 17-«i- 
methyLestradiol, 17-methylestradiol, tetrahydro-2-naphthol) 
are bound to protein in the enzymatic system supports the 
concept that this ix a general reaction of phenol metabolism. 
The work of Gutmann ef al. (14) is also in accordance with this 
conclusion. In this respect the protein-binding reaction studied 
in this paper may have a direct relationship to the protein bind- 
ing of carcinogens, which has heen correlated with the cancer- 
producing activity of some of these compounds (15, 16). 


-UMMARY 


The metabolism of tetrahydre-2-naphtholS-C™ by rat liver 
microsomes has vielded a protein-bound derivative as well as a 
new metabolite, Tetralin-p-quinel. The enzymatic system re- 
quires reduced triphosphopyridine nucleotide and oxygen for 
the formation of these products. Low levels of ferric ions facil- 
itate the reaction, whereas metal ion chelators and sulfhydryl 
binding agents inhibit the protein-binding reaction. A non- 
enzymatic protein-binding reaction in the presence of higher 
levels of ferrous ions is also deseribed. The relationship of 
these observations to the mechanism of estrogen metabolism 
and metabolism of other phenols is discussed. 
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The Nonenzymatic Decarboxylation of Diketosuccinate 
and Oxaloglycolate (Dihydroxyfumarate)* 
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Both plant and animal tiues have been shown to contain 
enzyme systems capable of oxidizing meso- and p(— )tartaric 
acid (1-4). The first oxidation product has been assumed to be 
oxaloglycolate (or an enol form thereof), as shown in Equation 1. 


CoO” COO” 
| 
HCOH C= 
i | + 2H 
HCOH HCOH 
COO COO” 


Thix substance, available in solid form as dihydroxy-fumarie 
acid (5-7), has been shown to be a substrate for peroxidases 
(8-10). Unless it ix very carefully purified, oxaloglycolate 
alee readily undergoes nonenzymatic autoxidation (10, 11), 
presumably to diketosuccinate (Equation 2). 


C=O 

COO Coo” 


Malic dehydrogenase has been shown to catalyze the reduction 
of diketosuceinate by DPNH (4). Furthermore, both oxalo- 
givcolate and diketesuccinate undergo spontancous decarboxyla- 
tion in aqueous solution. These nonenzymatic reactions com- 
plicate the analysis of the metabolic path of degradation of 
tartrate. As a prerequisite for the use of labeled compounds 
to study the biochemical synthesis and degradation of tartrate, 
it seemed exential to know the manner of the nonenzymatic 
decarboxylation of beth oxaloglycolate and diketosuccinate. 
The present paper describes such a sturdy. 


EXPERIMENTAL 


Methods and Materials 


Preparation of Labeled Compounds—Fumaric acid-1-C™, 
purchased from Nuclear-Chieago Corporation, was oxidized to 
dl-tartaric acid-1-C™ by KCIO, with OsO, as catalyst, according 
to Miles and Terry (12). dl-Tartaric acid-1-C™ was further 


* Aided in part by grants from the American Cancer Society upon 
recommendation of the Committee on Growth of the National 
Research Council and from the Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago. 

t Deceased March 24, 1058. 


oxidized to oxaloglycolic acid-1-C™ by HO, according to Har- 
tree (7). The oxidation of oxaloglycolic acid-1-C™ to diketo- 
suceimie acid-1-C™ by Br, was carried out as described by 
Fenton (13). di-Tartarie acid-2-C™, oxaloglycolic acid-2-C™, 
and diketosuccinie acid-2-C" were prepared similarly from 
fumarie acid-2-C™ obtained from Volk Radiochemical Co. 
Because of symmetry, the acids labeled at C-1 contain an equal 
amount of isotope at C-4, and the acids labeled at C-2 contain 
an equal amount of isotope at C-3. 

Preparation of Diphenacyl Tartronate'—This substance was 
prepared according to the method of Rather and Reid (14), 
as modified by Loewus ef al. (15). The melting point was 148° 
with no change on further recrystallization. The analysis is 
as follows: 

Cis, On 


Caleulated: C 4.1, H45 
Found: C 4.23, H 4.73 
C 64.4%, H 4.83 

Other reagents and materials were the same as those pre- 
viously described (1, 16, 17). 

Procedure for jon of Labeled Compounds—The 
decarboxylation of diketosuccinic acid was carried out in aqueous 
solution in a reaction flask connected by a wide tube to a re- 
ceiver flask containing a solution of Ba(OH), for trapping the 
CO; Between 0.2 and | mmole of the acid were dissolved in 
5 to 10 ml. of HO. The system was evacuated through a stop- 
cock attached to the connecting tube. The receiving flask 
was cooled in an ice bath, and the reaction flask was submerged 
in a water bath kept at 70°. Incubation was continued with 
occasional gentle agitation for 2 to 3 hours. In this time, the 
decarboxylation of diketosuccinic acid is complete, and much of 
the CO, is converted to a precipitate of BaCO, in the receiving 
flask. The BaCO, was collected by centrifugation, washed © 
three times with hot water and twice with methanol, and then 
plated out and dried for radioactivity assays in standard size 
planchets. Results are given as “thick sample” counts per 
minute corrected for background. In some experiments the 
acid residue remaining from the decarboxylation was dried by 
lyophilization, and oxidized to CO, over hot platinum in a com- 
bustion tube. The CO, was collected as BaCO,, washed, and 


'The terms hydroxymalonic acid and tartronic acid are used 
interchangeably, as are the terms diketosuccinic acid and dihy- 
droxytartaric acid. 

*Analysis performed at Micro-Tech Laboratories, Skokie, 
Illinois. 
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assayed for radioactivity as described above. Since no solids 
except diketosuccinic acid were present initially, it was assumed 
that the dry residue consisted entirely of tartronic acid. This 
assumption was confirmed by converting the residue to diphen- ial ia al 
acyl tartronate, which was recrystallized before combustion to (18, 19) as chown in Equation 3, and the decarbonyiation of 
CO,, giving results not appreciably different from those obtained age 
by direct combustion of the acid residue. : 

The decarboxylation of labeled oxaloglycolic acid was carried 


Procedure and Results 


Decarborylation of Labeled Acids—Oxaloglycolate is decar. } 
boxylated to give | mole of glycolaldehyde and 2 moles of CO, 


from the CO, obtained by combustion of the residue from the 
decarboxylation, which should consist mainly of glycolaldehyde. 

C“™O, Exchange Experiments—5 mi. of an aqueous solution 
containing 200 wmoles of the acid under investigation was 
drawn into a syringe. Then | mil. of a solution containing 3 
pmoles of NaHCO, in 0.1 ~ NaOH was likewise drawn into 
the syringe, care being taken to exclude air bubbles. The 
needle of the syringe was inserted in a rubber stopper to give a 
closed system, and the syringe was placed in a water bath at 
70°. In the case of those acids which decarboxylated spon- 
taneously, a bubble of CO, was formed during the course of the 
decarboxylation. After about 3 hours, when the decarboxyla- 
tion was complete, the aqueous contents of the syringe were 
expelled, with care to retain the CO, bubble, which was sub- 
sequently absorbed into a solution of NaOH drawn into the 
svringe. All traces of CO, were removed from the aqueous 
solution by careful flushing with unlabeled CO, Then the 
water was removed by evaporation, and the residue was either 
burned to CO, directly or converted to a derivative before com- 
bustion, as specified. The CO, from all samples was converted 
to BaCO, and counted as previously described. 


Taste I diketosuccinate is decarboxylated to tartronate by a benzilic 
Decarborylation of labeled diketosuccinic acid type rearrangement, which had formerly been suggested 
acid and ozaloglycolic acid (22), and the results proved that this ix not the case. 

aii In separate experiments, with appropriate modifications in 
(¢ p.m. of BaCO,) technique, diketosuccinate-2-C™ was decarboxylated in phos- d 
Decarhonylated substances and theis products | hate.buffered medium at pH ranging from 54 to 8.5. The 
| Average | _——— results were essentially the same as those obtained on decar- re 
: OE : | boxylation of the free acid in unbuffered medium, with the CO, ( 
| formed containing about twice as much label at the higher pH b 
Tartronic acid......................| | 2088 Values asat the lower. 
Diketosuccinic acid-2-C"_. | x 2 = 2390 Exchange of CO, into Tartronic Acid—When the decarboxy- 
| lation of unlabeled diketosuccinic acid was carried out in the 
Tartronic acid*...... | 1552 x l= 2328 presence of C™O>, a «mall amount of C was incorporated into " 
Oxaloglycolic acid-1-C'* «7 x 2= 1942 the tartronic acid. Details of two representative experiments a 
1727 are given in Table Il. In the first experiment, the tartronie 
Glycolaldehyde...... 96 | acid residue was oxidized directly to CO; In the second experi- : 
Oxaloglycolic acid-2-C'* | x2 = ment, the tartronic acid was converted to diphenacy! tartronate 
| | and recrystallized several times with no change in specific activ- 
| ity. ‘The third experiment of Table Il shows that a small i 
* This acid was converted to diphenacyl tartronate. The mount of exchange occurred when tartronic acid itself was in- . 
BaCO, obtained by combustion of the recrystallized derivative cubated with C™O,. As controls, oxaloglycolic acid was also . 
had a specific activity of 245. This figure was multiplied by ”  decarboxylated in the presence of C™O,, and experiments were . 
to obtain the average specific activity of the 3 carbon atoms of | performed to measure C™O, exchange inte di-tartartic acid and \ 
the tartronic acid. into mesoxalic acid. In all cases, the amount of exchange t 


out by a procedure similar to that employed for the decarboxyla- anon _0cON al | 
tion of diketosuccinic acid. In one experiment the evacuated ’ 

of yellow phosphorus, to remove all traces of O,. The results 

thus obtained were not appreciably different from those obtained diketosuccinate gives tartronate and CO, (20-22), as shown in 
when the reaction vessel was evacuated. Samples of BaCO, "uation 4. To determine the origin of the CO, formed in 
were prepared from the CO, released on decarboxylation, and Ccoo- coo- 


C=0 + H:O HCOH + CO, 
| 

COO” 

Coo- 
these decarboxylations, the compounds were labeled with C™ 
in the external carboxy! groups on the one hand, and in the 2 
internal carbon atoms on the other hand. These labeled com- 
pounds were decarboxylated in aqueous solution, and the radio- 
activity of the products was ascertained. Each type of experi- 
ment was repeated at least twice. Representative results have 
been assembled in Table 1. The figures in the first column are 
expressed as specific activities of the BaCO, samples which 
were actually counted. In the second column are listed the 
calculated values for the specific activities of those carbon atoms 
which contain the label. The results show that the CO, is 
derived primarily from the carboxy! groups of the acids. The 
specific activity of the collected CO, obtained on decarboxyla- 
tion of the C-1 labeled acids was generally lower than theory, 
probably because complete collection of the total CO, was not 
achieved. The main objective was to determine whether 
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obverved was only about 0.1 of that observed with tartronic 


| acid. All of these experiments were performed under com- 


parable conditions and precautions were always taken to remove 
(™O, itself by careful flushing with unlabeled CO, The low 
positive Values observed with oxaloglycolic, tartaric, and mes- 
oxalic acids require confirmation, and are here regarded pri- 
marily as controls for the validity of the relatively higher rate 
of C“O, incorporation into tartronice acid. Though quantita- 
tively small, this exchange has significance in relation to the 
mechanism of the decarboxylation. The determination of the 
exchange of C"), into tartronic acid was also carried out in 
buffered media at pH 54, 6.0, 7.0, and 7.5. The tartronate 
from these experiments was always purified in the form of the 
diphenacy! derivative before determination of its radioactivity. 
The exchange at the higher pH values was about one-third of 
the amount observed with the unbuffered free acid. 

Effect of Cations on Decarborylation of Diketosuccinate— 
Pederson has studied the kinetics of the decarboxylation of 
dihbvdroxvtartaric acid (diketosuccinie acid) under various con- 
ditions (23). The present studies included similar measure. 
ments. The evolution of CO, was measured manometrically 
in Warburg vewels by conventional techniques (24). The 
diketosuceinie acid was weighed into the vessel side arm as a 
solid. The reactions were carried out at 30° in 3 mi. of 0.2 w 
acetate buffer of pH 5.0, and observations were continued until 
the decarboxylation was complete. The CO, evolution followed 
first order kinetics over its entire course, in agreement with 
Pederson’s findings. Table IIL shows the stoichiometry and 
rate constants observed over an S-fold range of initial concentra- 
tion. The first column shows the amount of diketosuccinic 
ach! caleulated from the weights, and is in good agreement with 
the total amount of CO, evolved as measured manometrically 
aml shown in the second column. The effect of pH on the rate 
of decarboxylation is shown in Table IV. The data obtained 
are in approximate agreement with those of Pederson. Exact 
comparisons cannot be made because of the different conditions 
usd. The present studies served as a check on the quality of 
the diketosuceinie acid emploved, and provided a base-line for 
examination of the effects of some cations on the decarboxyla- 
tion. 

Pederson noted that Cu** stimulates the decarboxylation of 
diketosuccinate, with complex effects on the kineties (23). 
Kenten and Mann (9) reported that Mn** stimulates the de- 
carboxviation rate of diketosuccinate, but gave littl data. 
One might anticipate from the mechanism proposed by Stein- 
berger amd Westheimer (25) that divalent cations should in 
fact accelerate the rate of the decarboxylation of diketosuccinate, 
since this compound contains carboxy! groups which are a- as 
well ax 8- to the carbonyl groups. The present study included 
measurement of the effect of the chloride salts of Mn**, Mg**, 
amd Ni** on the rate of decarboxylation. Measurements were 
made manometrically in 0.2 m acetate buffer of pH 5.0 at 30°. 
Stimulatory effects were observed with all 3 ions. However, 
as was the case for cupric ions (23), there were other kinetic 
effects, particularly at higher cation concentrations, which 
indicated that the cations had a more complex action than simple 
stimulation. The elucidation of these effects requires further 
study. Some representative results obtained with Mn** are 
shown in Fig. 1. The logarithm of the diketosuccinate remain- 
ing is plotted against time to show that first order kinetics are 
maintained at low Mn** concentrations (5 10°¢ which 
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Taste Il 
€™O, exchange into tartronic acid 
Specitic activity (¢ pm. of BaCO,s) 


Source of tartronix acid 
Initial COMO» Final Tattronic 
acid 
Diketosuceinic acid 6x 10* 550 10° | 248 
Tartronic acid . x 0 315 


* Tartronic acid was isolated and recrystallized as a diphenacy! 
derivative. This material was counted directly. The count was 
corrected by calculation to give the average specific activity of 
the BaCO, from the 3 carbon atoms of tartronic acid. 


Taare Ill 
Decarborylation of diketoauccinic acid 
Diketosuccinic Total liberated ” 
4.4 4.7 0.0423 16 
11.0 11.3 0.0885 18 
13.2 13.6 0. | 17 
27.2 0.0830 21 
35.1 35.1 0.0815 22 
“k= 23 } KS), where (DKS) i« the concentration of 


diketosuceinic acid and ¢ is time in minutes. 


Taste IV 
Effect of pH on rate of decarborylation of diketosuccinic acid 
For the pH range from 2.5 to 5.0, 0.2 wt acetic acid, acetate 
buffers were used. The gas phase was air. At pH 7.8, the me- 
dium was buffered with bicarbonate, with a gas phase containing 
5 per cent CO,, 95 per cent N,» (24); temperature, 30°. 


pat | ‘ 

2.5 0.0091 
3.5 0.0310 
40 0.0340 
15 0.0360 
5.0 0 
7.8 0.0530 


definitely stimulate the decarboxylation rate. When the con- 
centration of Mn** was increased, the initial stimulatory effect 
was also increased, but the rate of decarboxylation then declined 
more rapidly than expected from first order kinetics. The 
effect of Mg** was similar to that of Mn**, except that higher 
concentrations of Mg** were required to give the same stimula- 
tory effects as were observed with added Mn**. With Ni**, 
more striking deviations in the course of the decarboxylation 
were observed, as shown in Fig. 2. Even with low concentra- 
tions of (5 the expected stoichiometric amount 
of CO, (calculated from the weight of diketosuccinie acid) was 
not evolved, and with higher concentrations of Ni**, the devia- 
tions became large. 

Since the decarboxylations were generally carried out in air, 
controls were performed to show the absence of O, uptake. 
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Fig. 1. Effect of Mn** on decarboxylation of diketosuccinate. 
O——O, no added metal ion; 0——0, 10°* wm Mn**; and A——A, 
5 10°* Mn**. 


MNiZ* 


o 


SS 


DECARBOXYLATION 


oO 


i 


120 


MINUTES 


Fic. 2. Effect of Ni** on decarboxylation of diketosuccinate. 
O——O, no added metal ion; O-—0, 10°* uw Ni**; and A——A, 
5 X Ni**. 


Thus, the sudden cessation of CO, evolution in the presence of 
10-7 uw Ni** was shown not to be due to simultaneous 0, con- 
sumption. In contrast, enzyme preparations, such as extracts 
of wheat germ, also caused an apparent decrease in the total 
amount of CO, evolved from diketosuccinate, but this effect 
was definitely associated with a simultaneous oxygen uptake 
catalyzed by the wheat germ extract. No evidence was ob- 
tained, however, for the presence cither in wheat germ or in 
parsley root of any anaerobic, heat-labile diketosuccinic decar- 
boxylase, either in the absence or in the presence of divalent 
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cations. The enzyme preparations tested contained both 
oxalacetic and oxalosuccinic carboxylase activity. The results 
showed that these 8-keto-acid decarboxylases do not have any 
appreciable catalytic effect on the decarboxylation of diketosue. 
cina 


te. 

Oxidation of Labeled Tartrate by Mitochondria—I\nternally and 
externally labeled tartrate was oxidized separately by rat 
liver mitochondria supplemented with cytochrome c, DPN, and 
Mg** as described by Kun and Hernandez (2). The ratio of 
O, consumption to CO, evolution after correction for blank 
respiration was about |. In addition, the CO, was collected 
for determination of its radioactivity. When tartrate labeled 
in the carboxy] groups was oxidized, the specific activity of the 
extra CO, evolved was the same as the specific activity of the 
carboxyl groups of the tartrate. When internally labeled 
tartrate was employed, only about | per cent of the extra CO, 
evolved was derived from the labeled carbon atoms of the tar. 
trate. These results are in accord with a reaction path giving 
tartronic acid as a major end product of the oxidation of tar- 
trate. Attempts to apply the molybdate method of Stafford 
(17) to determine tartronic acid quantitatively were not sue- 
cessful, primarily because of the high blank values given by the 
mitochrondrial preparations without added substrate. There 
was, however, a definite increase in the color values obtained 
after tartrate oxidation, and this increase was approximately 
of the order of magnitude expected if tartronate were the major 
end product, 


DISCUSSION 
In 1879, Gruber first described diketosuccinie acid (20). 
Because of its ready conversion to CO, and tartronic acid, he 
assigned a branched chain structure 
COOH 
HOC—COOH 
COOH 


to the new compound and named it carboxytartronic acid. 
The fact that diketosuccinic acid was an oxidation product of 
pyrocatechol seemed to provide evidence for the presence of a 
branched carbon chain in benzene, and thie led Kekulé to re- 
examine the question of the structure of diketosuccinie acid 
and to show that it was in fact a straight chain compound (21). 
Kekulé suggested that the first decarboxylation product of 
diketosuccinic acid was mesoxalic semialdehyde, which then was 
converted to tartronic acid. Fenton (26, 27) later prepared 
mesoxalic semialdehyde and showed that it could not be an 
intermediate in the conversion of diketosuccinic to tartronic 
acid, because mesoxalic semialdehyde yields glvoxal and CO, 
in acid solution under conditions which favor the formation of 
tartronic acid from diketosuccinic acid. 

In 1921, Lachman (22) reopened the question of the mech- 
anism of the decarboxylation reaction, and suggested that it 
oceurs as “an analog of the rearrangement of benzil to benzilic 
acid.” This would make the branched chain structure firet 
proposed by Gruber an intermediate in the decarboxylation. 
The data presented in Table I show that the rearrangement 
proposed by Lachman does not occur. If it did, the CO, formed 
from diketosuccinie acid must acquire one-third of its carbon 
from one of the carbonyl atoms, since all three carboxyl groups 
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of the proposed intermediate are equivalent, and one of them is 
formed from a carbonyl group. The data obtained for the 
decarboxylation of diketosuccinie acid-2-C’ show that only 
sbout | per cent of the CO, acquires label from the carbonyl 
carbon atoms. As shown later, this small conversion of car- 


mesoxalic semialdehyde 


HO—C —OH 
+ 
CoO; 


Scheme 1 diketosuccinate ix pictured as a monohydrate, in 
accordance with analytical data on its salta (13, 21) but the 
water is considered to be readily added to and removed from 
beth of the carbonyl groups in aqueous solution.) Thus the 
intermediate is not the mesoxalic semialdehyde suggested by 
Kekulé, but an enol thereof, and this enol might ketoniae in two 
wavs, giving tartronate or mesoxalic semialdehyde. The facts 
show that at acid and neutral pH, the reaction goes primarily 


to tartronate. 
If the steps in the decarboxylation of diketosuccinate are 


slightly reversible, the incorporation of C™O, into tartronic 
acid can readily be explained. Thus, when the enolic inter- 
mediate reaequires a carboxyl group from C™O, to form labeled 
diketosuccinie acid, the symmetry of the latter compound 
would result in the retention of about half of the label in the 
tartronie acid formed when the labeled diketosuccinate was 
again decarboxylated. This explains the incorporation of C™O, 
inte tartronie acid during the decarboxylation. The exchange 
of C™%O, into tartronic acid itself shows that the second step 
in the decarboxylation is also reversible. 

The postulated mechanism for the decarboxylation can ac- 
count not only for the exchange of C™O, into tartronic acid, but 
it ean alse account for the fact that a small but definite amount 
of the carbonyl carbon of diketosuccinate appears in the CO, 
during decarboxylation. This is because tartronate is a sym- 
metrical compound. One of the carboxyl groups of tartronate 
is derived from a carbonyl carbon atom of diketosuccinate. 
When CO, is added back to tartronate there ix a 0) per cent 
chance that it may add to either end of the molecule. Under 
thee cireumstances, half of the reearboxylation will occur in 
such a way that a carbon atom originally present as carbonyl 
carbon in diketesuccinate, will now become a carboxy! group of 
diketosuceinate, and « contribute to the CO, formed when the 
diketosuceinate is again decarboxylated. The reaction sequence 
would not have to proceed through tartronie acid itself, since 
there are two equivalent resonating forms of the enolate (Scheme 


2). 


Ho-—-C—OH 
coo- 
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| 

OH & OH 
Scneme 2 


The data obtained in the present experiments are not suffi- 
ciently accurate to warrant a rigorous quantitative comparison 
of the rate of the exchange of C"O, into tartronate with the 
amount of label which appeared in CO, formed from diketosuc- 

A reaction sequence for the decarboxylation of oxaloglycolate 
may be shown as in Scheme 3. In Scheme 3 it is assumed, in 


CH,OH-CO-.COO- 
hydroxypy 


ruvate 
I 
Coo” CoO” CO: 
| | + H 
HC —OH HC —OH HCOH 
— | — | | 
HCOH HC=() HC—O~ HC=0 
+ 
CO; hydroxy malonic 
semialdehyde 
Seneme 3 


analogy with other 3-keto acid decarboxylations (25) that the 
keto form of the acid goes to the enol of the product. As in 
the case of diketosuccinate, the enol formed in the first reaction 
step may ketonize in two ways. If the preferred ketonization 
occurs in the same “direction” as in the decarboxylation of 
diketosuccinate, then hydrogen should add to the carbon atom 
which is closest to the carboxyl group, giving hydroxymalonic 
semialdehyde rather than hydroxypyruvate. The fact that a 
second molecule of CO, ix readily lost suggests that malonic 
semialdehyde is formed in preference to hydroxypyruvate. 
The data of Dickens and Williamson (28) on the decarboxylation 
of hydroxypyruvate in hot aqueous solution suggest, however, 
that hydroxypyruvate would be decarboxylated to some extent 
under the conditions of the present experiments. Holzer and 
Holldorf (29) have identified hydroxypyruvate as a product of 
the decomposition of oxaloglyeolate although their data do not 
indicate what proportion of the product accumulates in this 
form. The C™ label found in the residue of “glyeolaldehyde” 
formed from oxaloglycolate-1-C™ (Table 1) suggests that no 
more than about 10 per cent of this residue could have consisted 
of hydroxy pyruvate, since glyeolaldehwde itself should contain 
no label. 

The present studies were the outcome of an interest both 
in the mechanism of decarboxylation reactions and in the metab- 
olism of a group of organic acids of yet uncertain importance in 
intermediary metabolism. This group of compounds includes, 
among others, tartrate, hydroxypyruvate, oxaloglycolate, 
diketosuccinate, hydroxymalonate, and ketomalonate. Some 


of the possible interrelationships of this group of compounds 
have been summarized by Stafford (1). A path of conversion 
of hydroxymalonie acid to glycine has been suggested by the 
demonstration of a transaminase which forms aminomalonate 
from ketomalonate (30), and a decarboxylase which converts 
amino malonic acid to glycine (31). 


Furthermore, Davies and 
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Kun (4) have shown that malic dehydrogenase can apparently 
effect the oxidation of tartrate, oxaloglycolate, and tartronate 
approximately as well as it can effect the oxidation of malate. 

Kun has identified glyoxylate and hydroxypyruvate as well 
as diketosuccinate as products of tartrate oxidation (2, 3), but 
the quantities of these products reported accounted for only a 
small fraction of the tartrate oxidized in his experiments. 
Although the data obtained in the present experiments with 
labeled tartrate suggest that hydroxymalonic acid may be a 
major product, they would also be consistent with a wide variety 
of possible mixtures of products. The complexities of the 
problem are great. It is hoped that the use of labeled tartrate 
may facilitate the quantitative determination of the products 
of tartrate oxidation. In the meantime, it is well to keep in 
mind that the conditions emploved here to study the nonenzy- 
matic decarboxylation mechanism are rather different from 

SUMMARY 

The decarboxylation of C-labeled diketosuccinic acid in 

aqueous solution has been shown to vield CO, derived primarily 
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from a carboxy! group of the acid. A small contribution of the 
carbonyl carbon of diketosuccinic acid to the CO, formed can be 
attributed mainly to the reversibility of a reaction sequence in 
which an enolate of tartronic (hydroxymalonic) acid is the first 
decarboxylation product. In keeping with such a mechanism, 
it has been shown that when diketosuccinic acid is decarboxylated 
in the presence of C“O,, C™ is fixed in the tartronic acid formed, 
and that CO, also exchanges its carbon very slowly with tar. 

The decarboxylation of labeled oxaloglycolic acid hax been 
shown to yield CO, derived from the carboxyl groups. The 
C™ content of the residue after the decarboxylation shows that 
the products probably consist of a mixture of about 9 parts of 
glveolic aldehyde and 1 part of hydroxypyruvie acid. These 
facts can be explained by a decarboxylation mechanism which 
involves the initial formation of an enol which may ketonize 
either to hydroxypyruvie acid or to malonic semialdehyde. 
The latter product, which ix the favored one, then undergoes 
another 8-decarbo xy lation. 
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The finding that the hydration of fumarate in deuterium oxide, 
ax catalyzed by pig heart fumarase, resulted in monodeutero-L- 
malate, and that prolonged incubations did not lead to any 
appreciable isotope incorporation into fumarate, established 
the stereospecific nature of thie reaction (1-3). Through the 
application of the proton magnetic resonance solid state method, 
Farrar ef al. (4) showed that the protons on carbons 2 and 3 in 
the monadeutero-t-malate are gauche to one another. On the 
asumption that the carboxyl groups in crystalline malic acid 
are trans, the conclusion was reached that fumarase catalyzes a 
ew addition to the double bond of fumarate. 

Studies relating to the stereospecificity of enzymatically 
catalyaed saturation reactions have been restricted to the addi- 
tion of water to carbon-carbon double bonds (1-3, 5). It was 
therefore of interest to study reactions in which groups other 
than water were added to carbon-carbon double bonds. Ae- 
cordingly, a study was undertaken to delineate some features 
of the aspartase reaction. Thi« enayme, catalyzing the reversi- 
ble deamination of aspartic acid, has been described in a wide 
variety of microorgani«ms and its preparation from Bacterium 
cadaveria in partially purified form has recently been reported (6). 

The results presented in this paper show that aspartase cata- 
lvaes a stereospecific addition of ammonia to the double bond of 
fumarate. In addition, evidence ix presented suggesting that 
both the aspartase and fumarase from B. cadareris catalyze a cis 
addition of ammonia and water, respectively, to the double bond 
of fumarate. 


ANALYTICAL METHODS AND MATERIALS 


The aspartase used in the experiment described in Table I 
was a partially purified preparation from B. cadaveris prepared 
according to the method deseribed by Williams and Melntyre 
(6) and then lyophilized. Thix preparation was practically 
devoid of fumarase activity since on deamination of L-aspartate 
good agreement was obtained between the amounts of fumarate 
and ammonia produced. The other experiments were conducted 
with preparations consisting of a 20 to 50 per cent ammonium 
sulfate fraction from a sonic extract of an 18 hour culture of 
B. cadaveria. These latter preparations, which were dialyzed 
before lyophilization, were contaminated with fumarase to vary- 


* This investigation was supported in part by research grants 
from the American Heart Association and from the National 
Institutes of Health (RG-4428), United States Public Health 


Service. 


ing degrees. All these preparations were supplied through the 
generosity of Dr. Virginia R. Williams. 

Aspartase activity was determined by measuring the extent of 
aspartate deamination, either through analysis of the liberated 
ammonia by nesslerization or by the spectrophotometric estima- 
tion of fumarate in those preparations essentially freed of fuma- 
rase activity. Crystalline pig heart fumarase was prepared by 
the method of Massey (7) and its activity was determined by 
measuring the rate of decrease in optical density at 240 or 300 
my due to fumarate hydration (8). Malic dehydrogenase was 
prepared by the procedure outlined by Ochoa (9). The as- 
partate-a-ketoglutarate transaminase was a crude, dialyzed, 
lyophilized extract from minced pig heart prepared by the method 
of Nisonoff ef al. (10). This preparation contained 2.7 units of 
fumarase activity and 3800 units of malic dehydrogenase ac- 
tivity per mg. of freshly prepared powder, as determined by 
the conventional assay procedures for these enzymes (8, 9). 
Transaminase activity was determined by the rate of decrease 
in optical density at 340 my of a reaction mixture containing 
150) pmolesof potassium phosphate, pH 7.3, 0.3 wmolesof DPNH, 
10 pmoles of a-ketoglutarate, 20 wmoles of L-aspartate, and excess 
malic dehydrogenase, in a total volume of 3.0 ml. A unit of 
transaminase activity represents the amount of enzyme that 
causes a decrease in absorption at 340 my of 0.001 per minute 
by use of the assay conditions described. DPNH was prepared 
enzymatically (11) with the use of crystalline yeast aleohol 
dehydrogenase (Mann Research Laboratories). a-Ketoglutaric 
acid was purchased from the California Foundation for Biochemi- 
cal Research. 

The various reaction mixtures, as well as the details of the 
diverse experimental procedures, are described in the text or in 
the legends of the tables. In each experiment the reaction was 
stopped either by the addition of perchloric acid or by heating 
for a short period of time. The deproteinized solutions were 
adjusted with KOH to pH 7.5 to 8.5 and passed through Dowex 
l-formate (8 per cent cross-linkage) columns. The acids were 
separated by elution with continually increasing formic acid 
concentrations as described by Busch ef al. (12). After desic- 
cation, the fractions representing individual peaks were combined 
by solution in HO and taken to dryness by flash evaporation. 
Identification of each peak was established by its position of 
emergence from the Dowex |-formate columns as determined by 
titration with NaOH after desiccation. In addition, the identity 
of the malic and fumaric acid samples was determined by paper 
chromatography as previously described (3). The identity of 
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the aspartic acid peak was further established by paper chro- 
matography in the phenol-H,O system described by Consden 
et al. (13). 

Before the isotope was diluted by addition of carrier, as was 
done in some experiments, the various acids were determined 
quantitatively by the following methods. Aspartic acid was 
estimated by the ninhydrin method as modified by Moore and 
Stein (14). Malic acid was measured fluorometrically by the 
method of Speck as described by Loewus ef al. (15), or spectro- 
photometrically by the method of Goodban and Stark (16). 
Fumaric acid was estimated by measuring the optical density 
at 240 my (8). Aspartic and fumaric acids were finally isolated 
as the free acids after several recrystallizations from hot water. 
Malic acid was isolated as the diphenacy] ester (15) and recrystal- 
lized two to three times from benzene and petroleum ether. 

Throughout the isolation and purification procedures described 
for each acid, there was ample opportunity to wash out by ex- 
change any unstably bound deuterium. After prolonged desic- 
cation over PO), the samples, on combustion, yielded water 
which in turn was reduced over zine dust to H,; plus HD (and D, 
in some of the highly enriched samples (Table 1)). The deute- 
rium content of the gas was then determined by mass analvsis« 
with a model 21-401 Consolidated mass spectrometer. 


EXPERIMENTAL PROCEDURES AND RESULTS 


Stereospecific Behavior of Aspartase—The experimental ap- 
proach to the present problem was similar to that previously 
applied to establish the stereospecificity of mammalian fumarase 
and aconitase (1-3, 5). As applied to the aspartase reaction, 
the term stereospecificity implies that when fumarate is aminated 
to form L-aspartate, subsequent deamination must involve the 
same hydrogen atom previously added to form the methylene 
group. Hence, the reaction when carried out in DO can never 
lead to labeled fumarate or to L-aspartate containing more than | 
stably bound deuterium atom per molecule (Reaction 1). 


COOH 

C—H D—C—H 

" (1) 
H—C 

COOH COOH 


If the reaction, however, were nonstereospecific, deamination 
would lead to deuterated fumarate, which could in turn lead to 
L-aspartate containing 2 stably bound deuterium atoms. Such a 
dideuterated L-aspartate molecule could lead to dideuterated 
fumarate, and hence on full isotopic equilibration a nonstereo- 
specific mechanism could give rise to L-aspartate containing a 
maximum of 3 stably bound deuterium atoms per molecule. 

The results of an experiment outlined in Table I indicate that, 
whereas incubation of a mixture of L-aspartate, fumarate, and 
ammonia with aspartase in heavy water led to a continual high 
level of deuterium incorporation into L-aspartate, the deuterium 
content of the reisolated residual fumarate was extremely low. 
Under the conditions of this experiment there was a gradual 
conversion of fumarate to L-aspartate throughout the incubation 
period and neither chemical nor isotopic equilibrium was fully 
achieved. After dilution, the 10 hour deutero-L-aspartate 
sample was subjected to the further action of aspartase in normal 
water with the results outlined in Table II. This preparation 
of aspartase was heavily contaminated with fumarase so that 
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Taste I 
Effect of aspartase on deuterium incorporation 
into aspartate and fumarate 


The complete system contained, in a total volume of 101.5 ml., 
8.12 mmoles of fumarate, 5.94 mmoles of ammonium sulfate, 1.78 
mmoles of aspartate, 5.01 mmoles of potassium phosphate, and 
86.3 mg. of aspartase powder. The D) content of the medium 
was 98 to 99 per cent and the pH was adjusted to 7.0, as measured 
with glass electrodes. The reaction was started by the addition 
of enzyme, and the incubations were carried out at 31-32". At 
various time intervals over the 10 hour period 0.05 ml. aliquots 
were removed and diluted 930 times with 0.05 w potassium phos- 
phate, pH 7.4, and the optical density was determined at a wave 
length of 240 ms. From these values, the amount of fumarate 
that disappeared and was presumably converted to aspartate 
(since the preparation used in this experiment was essentially 
free of fumarase activity) was calculated. At the indicated 
times, 20 ml. aliquots of the reaction mixture were removed and 
added to 5 ml. of 1.65 » perchloric acid. Fumariec and aspartic 
acids were isolated and analyzed for deuterium content. 


Incubation umerate 
seaction eninture | | 
are. mmole: 
2 1.523 Aspartic 6.08 0.425 
Fumaric 0.072 0.08 x 
4 3.238 | Aspartic 8.34 | 0.583 
Fumaric 0.086 144 X 10° 
6 4.7 Aspartic | 0.665 
Fumaric 0.018 | 0.72 x 
‘ 5.4 Aspartic 10.28 0.719 
0.089 1.86 10 
10 5.807 | Aspartic 10.77 | 0.783 
 Fumaric lO” 


* The presence of | atom of deuterium per molecule of aspartic 
acid and fumaric acid would correspond to values of 14.29 and 
25.0 atom per cent excess, respectively. 


the fumarate arising by deamination of the L-aspartate was 
rapidly hydrated to t-malate. Since the fumarase from B. 
cadaveris was later shown to behave stereospecifically, the extent 
of labeling in malate reflects the isotopic content of the fumarate 
arising by the enzymatic deamination of L-aspartate. 

It is evident from the data summarized in Table II that the 
deuterium content of the diphenacy!l malate derivative and 
therefore of the original fumarate, if significant at all, is exceed- 
ingly low. The residual reisolated aspartate in this experiment, 
because of the reversibility of the reaction as carried out in 
normal water, lost 92 per cent of its initial deuterium content in 
the course of the extended incubation period. The data pre- 
sented in Tabie III show that the L-asparate, reisolated from a 
reaction which proceeded for a period of time after the aspartase 
equilibrium had been established, contained no more than | 
atom of deuterium per molecule. These results show unequivo- 
cally that aspartase catalyzes a stereospecific proton addition 
to form the methylene group of L-aspartate according to Reac- 
tion 1. The extent of labeling found in the fumarate samples 
(as well as in the malate sample referred to in Table II), al- 
though low, appeared to be significant and seemed to bear s 
direct relationship to the period of the incubation. In view of 
the demonstrated stereospecificity of the aspartase reaction 
and an analogous behavior of the contaminating fumarase (see 
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Taste Il 

Enzymatic deamination of enzymatically labeled deutero-t-aspartate 

Deuteroaspartic acid, 0.1063 gm., (10 hour sample, Table I), 
was diluted with 0.5502 gm. of normal L-aspartic acid (6.26-fold 
dilution), dissolved in H,O, neutralized with KOH, and made up 
to a final volume of 530 mi. which was 0.05 « with respect to potas- 
sium phosphate, pH 6.8. Aspartic acid reisolated from 2 ml. of 
this solution represents the nonincubated sample described in 
the table. To the remainder of this solution (30 ml.) were added 
120 mg. of lyophilized aspartase (containing some fumarase) in 
3.0 ml. of 0.05 « potassium phosphate, pH 7.5; incubation was 
conducted at 31°. In order to follow the progress of the reaction 
at various time intervals during the incubation period, 0.5 ml. 
aliquots were removed and added to an equal volume of 5 per cent 
trichloroacetic acid; after centrifugation, ammonia was deter- 
mined by direct nesslerization on a 0.1 mi. aliquot of the super- 
natant. It was thus established that after 1 hour 73.1 per cent 
of the total NH, that was liberated relative to the 4 hour sample 
was accounted for. At 4 hours 25 ml. of the reaction mixture 
were added to 3.2 ml. of 1.65 s perchloric acid, and the protein 
residue was washed once with 3 ml. of 0.187 » perchloric acid and 
disearded. Aspartic and malic acids were isolated from the com- 
bined supernatants and analyzed for deuterium content. 


S. Englard 


Taste Ill 
Effect of bacterial aspartase and fumarase on deuterium 
incorporation into aspartate, malate, and fumarate 

The reaction mixture contained, in a total volume of 33.0 ml., 
3.32 mmoles of fumarate, 5.88 mmoles of NH,*, 1.65 mmoles of 
potassium phosphate and 530 mg. of aspartase powder (containing 
some fumarase). The D,O concentration of the medium was 98 
to 99 per cent and the pH was adjusted to 6.8, as measured with 
glass electrodes. The reaction was started by the addition of 
enzyme; incubation was conducted at 31°. At various time inter- 
vals over the 6 hour period, 0.1 ml. aliquots were removed and 
added to 4.9 ml. of 0.33 s perchloric acid. These were stored in 
an ice bath until all the samples were collected. Each sample 
was centrifuged and the supernatant fluids were assayed for 
residual NH, content by direct nesslerization and for residual 
fumarate by absorption at 240 mp. It was thus established that 
the reaction had reached equilibrium at the end of 4.5 hours, at 
which time 2.77 mmoles of NH; and 3.01 mmoles of fumarate had 
disappeared. The difference between these values represents 
the amount of malate synthesized. At the indicated time inter- 
vals, 15 ml. aliquots were removed and the reaction stopped by 
heat inactivation. Aspartic, malic, and fumaric acids were iso- 
lated and analyzed for deuterium content. 


Conditions Acids isolated 
Atom excess* Atom moleculet 
No incubation Aspartic 1.49 0.104 
Enzyme incubation Aspartic 0.122 0. 0085 
Malic | 0.020 0. 0036 
Experimental values. | 


t1 atom of deuterium per molecule of aspartic acid and di- 
phenacy!l malate would correspond to 14.29 and 5.55 atom per 
cent excess, respectively. 


below), the deuterium incorporated into fumarate could not have 
arisen directly from either labeled L-aspartase or labeled t-mal- 
ate. The mechanism by which these «mall amounts of deu- 
terlum were incorporated into fumarate is not apparent. 

Stereospecific Behavior of B. cadaveria Fumarase—in order 
to assess whether a stereospecific mechanism also determined 
the course of the bacterial fumarase reaction, L-malate, arising 
in some of the present experiments as a result of the contaminat- 
ing fumarase activity, was isolated and its deuterium content 
was determined. The results of an experiment outlined in 
Table IIL indicate that whereas the malate exhibited high 
deuterium content, as anticipated, it did not exceed the theoreti- 
eal value of 1 atom of deuterium per molecule inherent in a 
stereospecific mechanism of saturation. The reaction proceeded 
significantly after the fumarase (and aspartase) equilibriums 
had been reached, so that there was ample time for the fumarate 
to become more highly labeled and for the t-malate (and the 
L-aspartate) to incorporate more than | atom of deuterium per 
molecule if the fumarase (and/or the aspartase) behaved in a 
honstereospecific manner. 

Large Seale Preparation of Monodeutero-1-Aspartic Acid— 
19.90 mmoles of fumaric acid, 34.35 mmoles of NH,*, 10.25 
mmoles of potassium phosphate, and 204.7 mg. of a lyophilized 
aspartase preparation in a total volume of 205 ml. of 98 to 99 
per cent D,O adjusted to pH 6.6, as measured with glass elec- 
troles, were incubated for 6 hours at 34-35". At various time 
intervals, 0.1 ml. aliquots were added to 4.9 ml. of 0.33 ~ per- 


Deuterium content 
Acids isolated | Dilutions 
Atom, molecule 
are. 
3 Aspartic 15.5 0.971 1.053 
Malic 10.0 0.511 0.922 
Fumarie 2.02 0.007 0.57 lo”? 
6 Aspartic 9.43 1.528 1.009 
Malic 10.1 0.525 0.955 
Fumaric 5.74 0.029 6.6 x lo”* 
* Experimental values. 


t The values are corrected for dilution and calculated on the 
basis that 1 atom of deuterium per molecule of aspartate, di- 
phenacy! malate, and fumarate would correspond to values of 
14.29, 5.55, and 25.0 atom per cent excess, respectively. 


chlorie acid; NH,* and fumarate were then determined on 
suitable aliquots of the deproteinized supernatant fluids. It 
was ascertained that in 6 hours, a total of 14.62 and 11.59 mmoles 
of fumarate and NH,*, respectively, disappeared. The excess 
of fumarate lost during the course of the reaction could be ac- 
counted for as malate formed by the action of fumarase which 
was present in the aspartase preparation. The reaction was 
stopped by heat inactivation, and the deproteinized solution 
was reduced in volume by flash evaporation. After adjustment 
to pH 8.2 with KOH, the solution was passed through a Dowex 
1-formate column with a large amount of water. Aspartic acid 
was eluted with 1.25 ~ formic acid. Subsequent to desiccation, 
the aspartic acid was recrystallized from hot water and dried 
over P,O,; the yield was 1.4774 gm. (11.09 mmoles). An aver- 
age of three determinations on this sample indicated an atom per 
cent excess of deuterium of 13.47 corresponding to 0.943 atoms 


t-Aspartic Acid to Deutero-r-Malie Acid—To 0.1331 gm. (1 
mmole) of monodeutero-t-aspartic acid (0.943 atoms of deu- 
terium per molecule) in 5.0 ml. of | » H,SO, was added 1.5 ml. 
of a 30 per cent NaNO, solution; the addition was made over a 
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period of 20 minutes with continuous agitation. This solution 
was stirred for 1 hour and 10 minutes more, after which time a 
quantitative ninhydrin test on an aliquot showed no measurable 
aspartic acid. The solution was further acidified with dilute 
H;SO, to pH 1.5, mixed with Celite, and continuously extracted 
with ether for 9 hours. The ether-extracted material was dis- 
solved in water, adjusted to pH 8.0 with KOH, and passed 
through a Dowex 1-formate column. Malic acid was eluted with 
continually increasing concentrations of formic acid. The 
material was rechromatographed to achieve further purifica- 
tion; yield, 0.878 mmoles. A deuterium analysis on a diphen- 
acyl derivative of an aliquot of this sample revealed that the 
malic acid contained 0.989 atoms of deuterium per molecule and 
hence the nitrous acid deamination afforded a quantitative 
retention of the deuterium initially present on the methylene 
carbon of the monodeutero-L-aspartic acid. 

Enzymatic Conversion of Enzymatically Synthesized Mono- 
deutero-1-Aspartic Acid to Deutero-1-Malic Acid—The reaction 
mixture consisted of 3.0 mmoles cf potassium phosphate, 1.0 
mmoles of monodeutero-L-aspartate (0.943 atoms of deuterium 
per molecule), 2.0 mmoles of a-ketoglutarate, 0.595 mmoles of 
DPNH, 464,000 units of transaminase, and 297,400 units of 
malic dehydrogenase in a total volume of 60 ml, pH 7.3. The 
reaction was initiated by the addition of transaminase, and 
incubation was carried out at room temperature. At various 
time intervals, 0.05 ml. aliquots were removed and rapidly added 
to 3.0 ml. of 0.05 mu phosphate buffer of pH 7.3, and the optical 
density at 340 mg was measured immediately against 0.05 
mil. of a blank, containing all of the above components except 
DPNH, which was added to 3.0 ml. of the same buffer. It was 
thus ascertained that nearly all of the added DPNH had been 
reoxidized within 3.5 minutes. After 9 minutes, the reaction 
was stopped by heat inactivation. More complete deproteiniza- 
tion was achieved by the addition of perchloric acid to a final 
concentration of 0.33 x. The protein-free solution was neu- 
tralized to pH 7.5 with KOH, and the potassium perchlorate 
removed by filtration. After reducing the volume by flash 
evaporation, the solution was acidified to pH 1.5 with dilute 
HSO,, mixed with Celite, and continuously extracted with 
ether for 16 hours. The ether-cxtracted material that was 
dissolved in water and adjusted to pH 8.3 with KOH was chro- 
matographed on a Dowex |-formate column; separation of malic 
acid was achieved as before; yield, 0.364 mmoles. The diphen- 
acyl derivative of an aliquot of this sample had 2.06 atom per 
cent excess deuterium corresponding to 0.371 atoms of deuterium 
per molecule of malic acid. In part, the 61 per cent loss of 
deuterium relative to the isotopic content of the starting mono- 
deuterated aspartic acid occurs by way of the keto-enol tauto- 
merization of the oxaloacetic acid which is an intermediate in 
the enzymatic transformation of aspartic acid to malic acid. 
Deuterium incorporation into malate by way of this nonen- 
zymatic keto-enol tautomerism has previously been observed in 
studies designed to establish (a) whether the enol or keto form 
of oxaloacetic acid is involved in the reduction catalyzed by 
wheat germ malic dehydrogenase (15) or (6) which form arises 
from the action of spinach and wheat germ phosphoenolpyruvate 
carboxylase (17, 18) and from bird liver phosphoenolpyruvate 
carboxylase kinase (19). In addition, the transaminase prepara- 
tion used in the present experiment contained a small amount 
of fumarase. In view of the subsequent demonstration that all 
the enzymes investigated in this study exhibited identical 
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stercospecificity with respect to the methylene group hydroges 
atoms, the possibility must be considered that part of the deg. 
terium was washed out from the t-malate by way of the reactiog 
catalyzed by fumarase. 

Mechanism of Aspartase-Catalyzed Stereospecific Amination f 
Fumarate to t-Aspartate—Fumarase and aspartase show strict 
specificity toward the L-optical isomers, and thus both enzymes 
exhibit identical stereospecificity with respect to the asymmetr- 
cal carbon atom of t-malate and L-aspartate, respectively. 
The finding that the enzymatic hydration and amination of 
fumarate in deuterium oxide yiekled exclusively monodeutero- 
L-malate and monodeutero-L-aspartate, respectively, established 
the stereospecific nature of deutertum addition in the formation 
of the methylene group of both L-malate and L-aspartate. It 
was therefore of interest to establish whether fumarase and 
aspartase exhibited identical stercoxpecificity in the addition of 
deuterium on one of the C—H groups of fumarate. 

The experimental approach rested on the following arguments. 
If the monodeutero-.-aspartate resulting from the aspartae 
reaction in a medium enriched with DO has the same coo. 
figuration around the methylene carbon atom as the product 
of the mammalian fumarase reaction, then dehydration by fu. 
marase of the L-malate obtained cither chemically or enzymati- 
cally from monodeutero--aspartate, should yield essentially 
nondeuterated fumarate. On the other hand, if the position of 
the deuterium atom of the methylene group of the compounds 
under consideration ix of opposite configuration, the resulting 
fumarate should retain all the deuterium initially present in 
the monodeutero-L-malate obtained from the enzymatically syn- 
thesized monodeutero-L-aspartate. The results of such an ex 
periment are summarized in Table IV. It is apparent that the 
action of crystalline pig heart fumarase on the deutero-L- malate, 
obtained cither chemically or enzymatically from monodeutero- 
L-aspartate, vielded fumaric acid with a low order of isotope 
content. The t-malate reisolated from the reaction mixture a 
the diphenacy! derivative retained only 26 per cent of the initial 
deuterium content of the chemically formed L-malate and 19 
per cent in the case of t-malate enzymatically synthesised. 
This was due to prolonged incubation beyond the time required 
for chemical equilibration and no doubt reflects a sterecepe- 
cific washing out of the deuterium by the action of fumarase, 
which seems evident from the low level of labeling in the corre- 
sponding fumarate samples. 

As can be noted, however, the experiments with chemically 
and enzymatically converted t-malate presented some quanti- 
tative differences. The residual deuterium content of the fume- 
rate resulting from the action of fumarase on the chemically 
synthesized deutero-.-malate was 3.3 and 12.9 per cent of the 
initial and fumarase-equilibrated t-malate, respectively. On 
the other hand, the fumarate, obtained under similar conditions 
from the deutero-t-malate made enzymatically from monodeu- 
tero-L-aspartate, retained as much as 10.7 and 56.5 per cent of 
the deuterium content of the initial and fumarase-equilibrated 
_-malate, reapectively. These results would indicate a more 
random distribution of the deuterium in the methylene group of 
t-malate which takes place because of the enzymatic transfor- 
mations from the enzymatically synthesized monodeutero-t- 


aspartate. 

As pointed out previously, during the course of the enzymatic 
transformation of monodeutero-L-aspartate to deutero-t-malate, 
61 per cent of the initial deuterium content was lost, partly be- 
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cause of the keto-enol tautomerization of the intermediate 
monodeutero-oxaloacetate. Such a mechanism would no doubt 
cause a partial racemization of the methylene-bound deuterium 
atoms in oxaloacetate and on further reduction with DPNH by 
malic dehydrogenase would result in the vield of a mixture of 
tue species of monodeutero-t-malate with opposite configura- 
tions. It is therefore not surprising that deutero-t-malate, 
enzymatically produced, was transformed into fumarate with a 
higher degree of deuterium retention when treated with fuma- 
rea. In any event, the results show that the monodeuterated 
pralucts of the mammalian fumarase and bacterial aspartase 
reactions have the same configuration around the methylene 
group. Therefore, both enaymes catalyze an ikdlentical stereo- 
specific deuterium addition in the course of saturating the 
double bond of fumarate. 

Mechaniam of Stereoapecific Hydration of Fumarate to Malate 
Catalyzed by B. cadaveria Fumarase—The DPN dehydrogenases 
which catalyze a direct stereospecific transfer of hydrogen to 
the nicotinamide moiety of DPN* fall into two clases, depend. 
ing on the side of the nicotinamide ring to which the hydrogen 
ix ackded (20). These enzymes therefore do not share an identi- 
eal stereospecific mode of hydrogen transfer. Oppesite stereo- 
specific actions on carbon-bound hydrogens have alo been 
recorded for phosphoglucose and phosphomann bse 
acting on fructose-6- phosphate (21), and for muscle aldolase and 
trime phosphate acting on dihvdroxyacetone phos- 
phate (22). Similar considerations, applied to reactions involv- 
ing additions across carbon-carbon unsaturations, do not justify 
the assumption that the stereospecific hydration of furnarate by 
the furnaraxe of B. cadaveria i« iclentical with the hydration 
catalvaed by mammalian fumaraee. Table V summarizes the 
deta of an experiment carried out to determine whether the 
bercterial furnarase ackds deuterium in the same position as pig 
heart fumarase. It ix evident that the monadeutero-t-malate, 
obtained by incubating fumarate with bacterial fumarase in 
deuterium oxide, was transformed to unlabeled fumarate by 
crystalline pig heart fumarase; and that, as a result of the pro- 
longe | incubation, approximately two-thirds of the initial deu- 
terium content of the t-malate was washed out. These results 
establish the configurational identity of the products of beth 
enzymes, and point to an identical stereoepecifieity in their 
mele of action. 


Usstios 


The findings that the amination and hydration of fumarate 
by the aspartase and fumarase respectively of B. cadaveris, as 
carried out in deuterium oxide, vielded exclusively monodeu- 
terated products with littl, if any, deuterium incorperation in 
the residual fumarate, demonstrate that the reactions occur in a 
stereospecific manner. The stereospecific behavier of these 
two enzymes is analogous to that reported for pig heart fuma- 
rae and aconitase (1-3, 5). In addition, a kinetic consideration 
of deuterium incorporation into L-aspartate in the experiment 
deseribed in Table | suggests that an intermediate mechaniem is 
involved in the aspartase reaction similar to that proposed for 
the fumarase (23) and aconitase (24, 5) reactions. In this 


tion of aspartase was but slightly contaminated with fumarase, 
since only traces of malate coukl be detected, it is likely that 
the furnarate which dixappeared was almost quantitatively con- 
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Taste IV 

Reaction of crystalline pig heart fumarase on deutero-t-malate 

derived from enzymatically aynthenzed monodeutero-t aspartate 

Experiments | and 2 were carried out in a total volume of 25 
mi., each containing, respectively, 2.79 and 2.55 mmoles of diluted 
t-malie acid prepared chemically or enzymatically (see text), 
1.25 mmoles of potassium phosphate, and 540 units of crystalline 
pig heart fumarase, pH 7.3; incubations were conducted at 30-31°. 
Progress of the reaction was measured by following the increase 
in optical density, due to fumarate formation, at 300 my. It 
was thus established that equilibrium was reached within 7 and 
6 minutes for Experiments | and 2, respectively, as the maximal 
absorption at 300 mp did not change beyond these time periods. 
At exactly 10 minutes the reaction mixtures were immersed in a 
boiling water bath for 6 minutes with rapid subsequent cooling in 
an ice bath. Malice and fumarie acids were separated, isolated, 
and analyzed for deuterium content. 


deuternum Deuterium content subsequent 
| content of malate 
Morte of 
~ Atom excess® Atom, molecule? 
aspartate 
ate} 
Chemical | 0.533 0.0061 0.1 0.0360. 
2 Enzymatic | 0.0564 | 0. 0.0160. 


Experimental values. 

t The values were corrected for dilution (when applicable) and 
calculated on the basis that | atom of deuterium per molecule of 
diphenacy! malate and fumaric acid corresponds to values of 
5.55 and 25.0 atom per cent excess, respectively. 

$ The samples were diluted 2.25. and 2.19-fold in Experiments 
1 and 2, respectively. 


Taste V 

Reaction of crystalline pig heart fumarase on monodeutero-t-malate 

derived enzymatically by action of Bacterium cadaveris fumarase 

The reaction mixture contained, in a total volume of 25 ml., 
2.24 mmoles of diluted monodeutero-t-malate (pooled samples 
from Experiments 1 and 2, Table I11), 1.25 mmoles of potassium 
phosphate, and 540 units of crystalline pig heart fumarase, pH 
7.2, ineubated at 30° and initiated by the addition of fumarase. 
The reaction was followed by measuring the increase in absorp- 
tion at 300 my due to fumarate formation; equilibrium was reached 
within 8 minutes since the maximal absorption at 300 my did not 
change beyond this time. At 10.25 minutes the reaction mixture 
was immersed in a boiling water bath for 6 minutes and imme- 
diately cooled in an ice bath. Malic and fumarie acid were 
separated, isolated, and analyzed for deuterium content. 


| % encess® | Atom/moleculet 
| Malate | Fumarstey | Malate | Fumarate 
0.324 0.06564 | 0.104 | 0.001 0.0187 0.0001 


* The values were corrected for dilution (when applicable) and 
calculated on the basis that 1 atom of deuterium per molecule of 
diphenacy! malate and fumarie acid corresponds to values of 
5.55 and 25.0 atom per cent excess, respectively. 

$ The samples were diluted 2.40-fold. 
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verted into L-aspartate. Knowing the amount of unlabeled 
aspartate initially present in the reaction mixture, which would 
dilute the monodeutero-L-aspartate arising enzymatically from 
fumarate, one can calculate the theoretical minimal deuterium 
content of the aspartate at each time interval. Such calcula- 
tions revealed values of 0.460, 0.645, 0.725, 0.760, and 0.768 


atoms of deuterium per molecule of aspartate for the 2, 4, 6, 8, 


and 10 hour samples, respectively. The experimental values do 
not exceed, and indeed are actually lower than, the calculated 
levels of isotope incorporation, especially in the early samples. 
These results therefore support the view that little, if any, deu- 
terium exchanges into the unlabeled aspartate, and that the 
bulk of the isotope detected in the aspartate is a result of a net 
synthesis from fumarate. Alberty ef al. (23) have shown that 
the degree of deuterium incorporation into L-malate, on incuba- 
tion with fumarase in DO), is in quantitative agreement with 
that expected from the over-all reversibility of the reaction. 
Similarly, in the case of aconitase (5) the incorporation of deu- 
terium into citrate on incubation in a medium enriched with 
DO appears to occur via the process: citrate = cis-aconitate — 
labeled citrate. It therefore appears likely, in analogy to the 
fumarase and aconitase reactions, that the enzymatic deamina- 
tion of aspartate proceeds via a carbonium ion intermediate 
devoid of an amino group rather than through a carbanion aris- 
ing by the loss of a proton from the methylene group of aspar- 
tate. 

The simple dehydration by pig heart fumarase of the mono- 
deutero-L-malate synthesized by the bacterial fumarase leads to 
unlabeled fumarate. Similarly, the deutero-t-malate obtained 
from the enzymatically prepared monodeutero-L-aspartate by 
chemical conversion with nitrous acid, or by enzymatic conver- 
sion in the presence of a-ketoglutarate, transaminase, DPNH, 
and malic dehydrogenase, vielded essentially unlabeled fuma- 
rate when subjected to the action of crystalline mammalian 
fumarase. These observations are consistent with the idea that 
the bacterial fumarase and aspartase act similarly to pig heart 
fumarase and cause deuterium to be added in the same position, 
in the formation of the methylene group of t-malate and L-as- 
partate, respectively. The mechanism of the stereospecific 
enzymatic hydration of fumarate to L-malate by crystalline pig 
heart fumarase was studied by Farrar ef al. (4), who concluded 
that the enzyme catalyzes a cis addition to the double bond of 
fumarate. The products of the bacterial fumarase (i-malate) 
and aspartase (L-aspartate) have the same spatial configuration 
with respect to the asymmetric carbon atom as the product of 
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the mammalian fumarase reaction. In addition, as shown ip 
the present study, all three enzymes catalyze a deuterium add) 
tion specifically to one and the same position on the methylene 
group of L-malate or L-aspartate. With the use of the monales. 
terated product of the mammalian fumarase reaction as a ref. 
erence model compound, it may therefore be concluded that 
both the bacterial fumarase and aspartase catalyze a stereospe- 
cific cis addition across the carbon-carbon double bond of fuma- 
rate. Concerning the question of a cis vereus trans addition to 
carbon-carbon unsaturations, it may be noted that all four 
hydrogen positions of succinate are labeled as a result of the 
anaerobic exchange reaction catalyzed by succinic dehydrogen- 
ase preparations (3, 4). In the dehydrogenation of succinate 
(assuming a staggered configuration), a trans elimination of 2 
hydrogen atoms cannot occur with selective action on any one 
pair of hydrogens; a cis elimination, however, offers a theoret- 
ical possibility of a stercochemical distinction between the two 
pairs of hydrogen atoms. Since all other enzymes studied to 
date have been shown to behave stereospecifically with respect 
to methylene hydrogens, it appears likely that succinic dehydro- 
genase, unlike fumarase and aspartase, catalyzes a trans clim- 
ination so that randomly labeled succinate results from the 
anaerobic exchange reaction in deuterium oxide, 


SUMMARY 

1. Bacterium cadareris aspartase catalyzes stercoepecific 
addition across the double bond of fumarate. Similar consider- 
ations apply to the bacterial fumarase reaction. 

2. The deuterated products of the aspartase and bacterial 
fumarase reaction have the same configuration, with re=pect to 
the methylene carbon group of L-aspartate and L-malate, re«pee- 
tively, as the monodeutero-L-malate obtained by the action of 
crystalline pig heart fumarase in D,(. 

3. With the deuterated product of the mammalian fumarase 
reaction as a model reference compound, it is concluded that 
the Bacterium cadareris aspartase and fumarase also catalyze a 
stereospecific cis addition to the double bond of fumarate. 


Acknowledgmenta—The author gratefully acknowledges the 

generosity of Dr. Virginia R. Williams of the Department of 

Chemistry and Biochemistry, Louisiana State Uni- 

versity, who provided the bacterial preparations used in this 

study. The author is also indebted to Dr. Henry D. Hoberman 

of this department for his kind cooperation in conducting the 
deuterium analyses. 


REFERENCES 


Fisner, H. F., Farevex, C., McKee, J. 8. M., anp 
R. A., J. Am. Chem. Soc., T7, 4436 (1955). 

Enciarp, anp 8. P., Science, 121, 866 (1955). 

. Enorarp, 8., anv Corowick, 8. P., J. Biol. Chem., 221, 1019 

(1956). 

. Farrar, T. C., Gurowsxy, H. 8., Ategrty, R. A., ano 
Mituer, W. G., J. Am. Chem. Soc., 79, 3978 (1957). 

Enorarp, 8., anv 8. P., J. Biol. Chem., 226, 1047 
(1957). 

. Wituams, V. R., ann McIntyne, R. T., J. Biol. Chem., 217, 

467 (1955). 

. Masser, V., Biochem. J., 61, 490 (1952). 

Racker, E., Biochim. et Biophys. Acta, 4, 211 (1950). 


9. Ocnoa, 8., In 8. P. N. O. Kaptan (Editors), 
Methods in enzymology, Vol. 1, Academic Press, Inc., New 
York, 1955, p. 735. 

10. Nisoworr, A., Hexay, 8. 8., Bannes, F. W., J. Biol. 
Chem., 199, on (1952). 

Rarren, G. W., axon 8. P., In 8. P. Cotowrsn, 
axp N. O. Kartan (Editors), Methods in enzymology, Vel. 
111, Academic Press, Inc., New York, 1957, p. 887. 

12. Boesen, H., Hoceeer, R. B., Porrer, V. R., J. Biol. 
Chem., 196, 717 (1952). 

13. Conspex, R., Gonpos, A. H., ann Martin, A. J. P., Biochem. 
J ., 224 (1944). 

14. Mooag, 8., Stems, W. H., J. Biol. Chem., 811, 907 (1954). 


1008 
| 
| 


15. F. A., T. T., avo B., J. Biol. 
Chem., 313, 787 (1955). 

| 16. Gooowan, A. E., ano Stann, B., Anal. Chem., 29, 283 (1957). 

17. B., Tones, T. T., axo Loewes, F. A., J. Am. 
Chem. 76, 3358 (1954). 

1S. Tewes, T. T., Lomweus, F. A., ano B., J. Biol. 
Chem., 213, 547 (1955). 

19. Gaaves, J. L., B., Urren, M. F., ano Rewstnxe- 
row, J., J. Biol. Chem... 983, S51 (1956). 


October 1958 S. Englard 1009 


2. Levy, H. R., ano Vennestanp, B., J. Biol. Chem., 228, 85 
(1957). 

21. Torren, Y. J., J. Biol. Chem., 226, 419 (1957). 

22. S. V., anno Rose, I. A., Federation Proc., 16, 337 
(1956). 

23. R. A.. Mitcer, W. G., ano Fiswen, H. F., J. Am. 
Chem. Soe., 70, 3073 (1957). 

24. Seeven J. F.. Diewxwas, 8. R., J. Biol. Chem., 220, 193 
(1956). 


ald. 
ny lene 
a ref. 
| that 
fuma- 
on to 
fou 
the 
“inal 
af 2 
one 
ml to 
spect 
vdro- 
elm. 
» the 
eral 
et 
m of 
(ruse 
that 
the 
t af i 
thas 
nan 
the | 
| 
| 
\ew 
lial. 
eK, | 
Vel. | 
vel. 
<m. 
+4). 


The Stereospecificity of the Aspartase Reaction’ 
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The enzyme aspartase catalyzes the reversible addition of tion were then added 1.34 gm. of NHC] (25 mmoles), 77.6 


ammonia to fumaric acid to form L-aspartic acid (1), as follows: 


“000 + NH,* -00C—C—C—COO~ (1) 
H H NH, 

This reaction occurs in many species of microorganisms, in yeast 
and in some green plants and their seedlings, but it has never 
been demonstrated to occur in any animal tissues. The enzyme 
is specific for L-aspartic acid and fumaric acid, having no action 
on p-aspartic acid or any other amino acid. It will not add 
ammonia to maleic acid or to any other unsaturated dicarboxylic 
acid. The equilibrium constant for the reaction as written is 
about 50 (2). 

Since the enzyme is stereospecific for the addition of the amino 
group, it is of interest to determine whether the concomitant 
addition of the hydrogen atom to the 8-carbon atom is also 
stereospecific. An analogous situation has been investigated 
by Fisher et al. (3) for the fumarase-catalyzed addition of water 
to fumaric acid to form t-malic acid. They found that in this 
reaction the hydrogen atom is added stereospecifically to the 
8-carbon atom. Farrar ef al. (4) showed by means of proton 
magnetic resonance absorption that this enzymatic addition 
of water to fumarate was a cis addition. Using a similar ap- 
proach it has now been found that the aspartase-catalyzed 
reaction is stereospecific with respect to both the a-amino group 
and the 6-hydrogen atom and that the addition is a cis addition. 


EXPERIMENTAL 


Enzyme Incubation—The source of the enzyme aspartase in 
all the experiments was whole cell suspensions of Proteus rul- 
garis which were grown as previously described (5). The 
harvested cells were washed twice with distilled water to remove 
any culture media and were then washed four times with 99.8 
per cent DO and suspended in DO.' 

In a typical experiment 4.64 gm. of fumaric acid (40 mmoles) 
were dissolved in 30 ml. of 99.8 per cent DA containing 3.2 
gm. of NaOH. The pH of this solution was 6.0. To this solu- 
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mg. of KH,PO,, and 344 mg. of Na-HPO, This quantity of 
phosphate salts results in a final buffer concentration of 0.05 
wu. Careful addition of 1 ml. of 10 per cent NaOH in DO 
brought the pH of the solution to 7.4 (the optimal pH for 
aspartase activity). 7. rulgaris cells from 2 |. of media suspended 
in 5 ml. of DO were added, and DO) was added to bring the 
total volume to 60 ml. After the addition of 6 ml. of toluene, 
the flask was flushed with prepurified N, for 5 minutes and then 
shaken at 37°. Samples of the reaction mixture were removed 
at intervals and analyzed for ammonia to measure the approach 
to equilibrium. The reaction was complete within a half hour 
but was continued for 144 hours to allow for complete equili- 
bration of the deuterium between the aspartic and fumarie 
acids. At the end of this period aspartase activity could «till 
be demonstrated in the incubation mixture, indicating that 
the aspartic and fumaric acids were continuously being inter- 
converted during the entire incubation period. The enzyme 
was inactivated by heating the reaction mixture in a boiling 
water bath for half an hour. The solution was then centrifuged 
to remove the dead cells and the slightly tarbid supernatant 
was filtered through Celite to give a clear solution. 

Isolation of Aspartic, Fumaric, and Malic acide—Since the 
enzyme fumarase also occurs in vulgaris, t-malate alo 
formed in this incubation. When only the aspartate was 
desired, the clear reaction mixture was treated with an exces 
of a saturated solution of cupric sulfate and placed in an ice 
bath until all the copper aspartate had crystallized. The 
copper aspartate was then decomposed with HS and free 
aspartic acid isolated from the CuS filtrate by the addition of 
from water-cthanol in order to remove all exchangeable deu- 

When all three acids were desired, the reaction mixture was 
brought to pH 1.5 with concentrated HCI! and the solution was 
placed on a Dowex 50 (H*) column, 4.2 X IS em. The column 
was washed with water to remove fumarie and malic acids, 
and the aspartic acid adsorbed on the column was eluted with 
15s HCl After repeatedly evaporating the HC! eluate to 
dryness in a vacuum in order to remove the HCI, the aspartic 
acid was isolated as its copper salt (2.87 gm., 14.8 mmoles) by 
treating with CuCO, and decomposed as above to vield aspartic 
acid (1.7 gm., 12.7 mmoles). 

The water eluate containing fumaric and malic acid« was 
evaporated to dryness in a vacuum and placed on a silica gel 
column, 1.7 X 35.em. The preparation of the column and the 
separation of the acids was carried out according to the pro- 
cedure of Bulen ef al. (6). Fumaric acid (232 mg., 2.10 mmoles) 
was eluted from the column with 15 per cent butanol in chloro- 
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form and malic acid (1.14 gm., 8.5 mmoles) with 35 per cent 
butanol in chloroform. Crystalline fumaric acid was isolated 
from the 15 per cent butanol eluate by concentrating the water 
layer (separated from the CHC) to a small volume and acidify- 
ing the eluate with concentrated HCl. This fumaric acid was 
then recrystallized twice from HO (m.p. 287-288" in closed 
capillary tube). The malic acid was isolated from the 35 per 
cent butanol eluat~ after concentrating the water layer either 
as the diphenacy! derivative (7) (m.p. 110-111°) or as the free 
acid. For the isolation of free malic acid the solution containing 
the disodium salt was acidified with excess H,SO, and extracted 
continuously with ether for 24 hours. The malic acid was 
precipitated from the ether solution by the addition of ligroin 
and recrystallized twice from ethyl acetate-ligroin (m.p. 100- 
102°). 

Preparation of 1-Malie Acid-3D from 1-Aspartie Acid 3D— 
t-Aspartic acid-3D isolated from the aspartase reaction was 
converted to t-malie acid-3D by treatment with nitric oxide 
in nitric acid according to the method of Walden (8) for the 
conversion of L-asparagine to t-malic acid. The malic acid 
isolated according to this method was recrystallized twice from 
ethyl acetate-ligroin (m.p. 99-100"). It had the same deuterium 
content (1.18 atoms of deuterium per molecule) as the L-aspartic 
acid from which it was prepared (1.24 atoms of deuterium D per 
molecule). When this reaction was carried out with L-aspartic 
acid containing no deuterium, the t-malic acid isolated had a 
specific rotation of —6.95° (1.33 gm. of malic acid in 10 mil. of 
acetone). Recrystallized t-malic acid (Eastman Kodak) had 
a specific rotation of —6.95°, showing that the reaction vields 
optically pure t-malic acid. 

Conversion of Aspartic Acid-3D to 1-Bromosuccinie Acid-3D— 
t-Aspartic acid-3D isolated from the aspartase reaction was 
converted to t-bromosuccinic acid-3D by NaNO, and HBr 
according to the method of Holmberg (9). The bromosuccinic 
ackl which precipitated during this reaction was washed with 
benzene to remove free bromine and recrystallized from ether- 
ligroin. The pure t-bromosuccinie acid-3D melted at 185- 
186° and had the same deuterium content (1.26 atoms of deu- 
terium per molecule) as the L-aspartic acid from which it was 
made (1.24 atoms of deuterium per molecule). When carried 
out with nondeuterated L-aspartic acid, the t-bromosuccinic 
acid had a specific rotation of —74.5° (180 mg. in 3 mil. of ethyl 
acetate). Holmberg reported the specific roation of t-bromo- 
succinic acid in ethyl acetate to be —75.8°. 

Conversion of 1-Bromosuccinic Acid-3D to Malice Acid-3D— 
This conversion was attempted using the method of Walden 
(10) in which | gm. of t-bromosuccinic acid is refluxed for 2 
hours with 1.33 gm. of KOH in 20 mil. of methanol. Under 
these conditions little malic acid was formed; fumaric acid was 
the main product. By decreasing the temperature and the 
hydroxide ion concentration, the displacement reaction was 
final procedure used was as follows: 2 gm. of L-bromosuccinic 
acid-3D and 2.66 gm. of KOH in 136 ml. of methanol were kept 
for 5 days at room temperature. The methanol was removed 
in a vacuum and the residue was dissolved in H,O, acidified 
with HCl, and evaporated repeatedly in a vacuum to remove 
excess HCL The residue was dried and extracted with hot 
acetone. The acetone extract was taken to dryness and the 
residue dissolved in ethyl acetate, filtered, and precipitated with 
ligroin. The product was recrystallized from ethyl acetate- 
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ligroin. This gave 495 mg. of malic acid which contained some 
fumaric acid. The material was chromatographed on silica 
gel as before and the disodium malate was acidified with HCl 
and extracted in the same manner as was done before applying 
to the column. After recrystallization, 257 mg. of p-malic 
acid-3D (m.p. 99-100") were obtained. This p-malic acid 
contained 0.98 atom of deuterium per molecule, whereas the 
t-bromosuccinic acid-3D from which it was made contained 
1.26 atoms of deuterium per molecule. 

When this reaction was carried out with nondeuterated 
L-bromosuccinie acid, the isolated p-malic acid gave a specific 
rotation of +461° in uranium acetate solution (11) (15 mg. of 
malic acid dissolved in 2.1 mil. of 0.1 s NaOH + 1 drop of acetic 
acid + 75 mg. of uranium acetate and diluted to 3.0 ml.; after 
3 hours, the solution was filtered and the rotation determined). 
Under identical conditions, recrystallized t-malic acid (East- 
man Kodak) gave a specific rotation of — 468°. 

Analysie—All samples containing deuterium were diluted with 
their protonated counterparts to contain between 1.0 and 1.5 
atom per cent excess deuterium. The samples were analyzed 
for deuterium by the method of Graff and Rittenberg (12). 

The proton magnetic resonance measurements 
were performed on a Varian NMR spectrometer with the as- 
sistance of Dr. B. Dailey of the Chemistry Department of this 
University. For this purpose all exchangeable hydrogen atoms 
of the molecule were replaced with deuterium by dissolving 
approximately 400 mg. of the compound in 5 mi. of D,O and 


over POs. For analysis 250 mg. of the acid were dissolved in 
0.5 ml. of DO. The analyses were performed at 30 megacycles 
(7000 gauss); the sweep was approximately 25 cycles. 


RESULTS AND DISCUSSION 


Stereoapecificity of the Aspartase Reaction—When fumarate 
and ammonia were incubated with P. rulgaris cells in D,O, 
it was found that the aspartic acid formed contained 1.03 
atoms of deuterium per molecule. In another experiment the 
aspartic acid contained 0.93 atom of deuterium per molecule. 
This aspartic acid was in complete equilibrium with the fuma- 
rate and ammonia (see “Experimental”). The incorporation 
of only 1 atom of deuterium per molecule establishes conclusively 
that the hydrogen atom is added stereospecifically to the 3-car- 
bon atom of fumarate and that a hydrogen atom from the 
identical position is removed in the reverse reaction. If the 
reaction were not stereospecific, 3 atoms of deuterium would 
have been incorporated per molecule of aspartic acid after equili- 
bration, for the deuterium atom would add to either of the two 
possible positions of both carbon-2 and carbon-3 of the fumarate 
and would also be removed from either of the two positions of 
the asparate. Although the enzyme used in this experiment 
was not a purified preparation, it is unlikely that the aspartic 
acid was synthesized by any reaction other than the aspartase 
reaction since if this were the case more than | atom of deuterium 
per molecule would have been incorporated into the aspartic acid. 
For example, if the aspartate were synthesized via fumarate — 
malate —- oxaloacetate -+ aspartate, 2 atoms of deuterium per 
molecule would have been incorporated. 

The deuterium content of the recovered fumaric acid also 
indicates the stereospecific course of the reaction. If the reac- 
tion is stereospecific, the fumaric acid should not contain deu- 


1011 
ork 
76 
od 
WO 
for 
led 
the | 
lvophylizing to dryness. This was repeated four times and the 
v lige: ey ined overnigh in vee desic 4) 
. 
‘ 


terium, whereas in a nonstereospecific reaction 2 atoms of deu- 
terium per molecule would be incorporated. The fumaric acid 
isolated in this experiment contained only 0.11 atom of deu- 
terium per molecule. This confirms the conclusion drawn from 
the deuterium content of the aspartic acid that the aspartase 
reaction is stereospecific in the addition of the hydrogen atom. 
The incorporation of 0.11 atom of deuterium per molecule into 
the fumaric acid is probably due to some indirect conversions of 
aspartic or malic (see below) acids to fumaric acid in the crude 
system used or to some reversible transamination. 

The enzyme fumarase also occurs in P. vulgaris so that L-malic 
acid was also formed from fumaric acid in this experiment. The 
malic acid was isolated from the incubation mixture and was 
found to contain 0.99 atom of deuterium per molecule in agree- 
ment with the results of Fisher ef al. (3). 

In one experiment the aspartic acid was found to contain 1.24 
atoms of deuterium per molecule after a prolonged incubation. 
The fumaric acid from this incubation contained 0.16 atom of 
deuterium per molecule. It is likely that in this aspartic acid, 
0.24 atom of deuterium is on the a-carbon atom and only | atom 
of deuterium is on the 8-carbon, as was the case in the other 
experiments. Deuterium can be incorporated into the a posi- 
tion of aspartic acid by reversible transamination (13) and this 
would introduce deuterium into the a position after the aspartic 
acid is made by the aspartase reaction with only one atom of 
deuterium in the 8 position. The conversion of this L-aspartic 
acid-3D to p-malic acid-3D, which contains 0.98 atom of deu- 
terium per molecule (see “Experimental”’), is further indicative 
that the 0.24 atom of deuterium is on the a-carbon and not on 
the 8-carbon atom. 

Configuration of 1-Aspartic Acid-3D—The projection formula 
configuration of the carboxy! groups is depicted in Fig. 1 where 
the entire molecule lies in a plane perpendicular to the plane 
on the paper. Since only the t-isomer of aspartic acid is formed 
in the aspartase reaction, the amino group must add to one side 
of the fumaric acid. Addition to the opposite side would give 
the mirror image. Let the amino group add to the right side 
of the projection formula of fumaric acid in Fig. 1. If the ad- 
dition, in DO, of ND, to fumaric acid is a cis addition, then both 
the amino group and the deuterium will add to the same side of 
the fumaric acid. This will yield the gauche conformation of 


coo~ 


FUMARIC ACID 


coo~ 
TRANS L-ASPARTIC ACID-30 
Fic. 1 


Stereospecificity of Aspartase Reaction 


Vol. 233, No. 4 


aspartic acid (see Fig. 1). If, however, the amino group and 
the deuterium add to opposite sides (a trans addition), the re. 
sulting aspartic will have the trans conformation. Although 
there is free rotation about the carbon 2-carbon 3 bond of aspartic 
acid, the most stable conformation of aspartic acid will be the 
one in which the carboxy! groups are trans to each other. Fur. 
thermore, the attraction of the ND,* and COO™~ will lower the 
energy of this conformation. In the gauche conformation the 2 
protons on carbons 2 and 3 are close to each other, whereas 
in the trans conformation they are farther apart. The proxim. 
ity of these 2 protons can be determined by measuring the 
spin-spin interaction of the protons by nuclear magnetic reson- 
ance. Similar relationships exist for the fumarase-catalyzed 
hydration of fumaric acid to malic acid (4). 

Farrar ef al. (4) have shown that the addition of water to the 
double bond of fumarate is a cis addition when catalyzed by 
the enzyme fumarase. This was accomplished by the demon- 
stration that in the monodeutero-t-malate formed when the 
reaction was carried out in DO, the protons on carbons 2 and 
3 are gauche to one another. The configuration of the mono- 
deutero-t-malate was established by observing the dipolar 
broadening of the proton magnetic resonance absorption in 
solid DOOCCH(D)CH(OD)COOD. 

It can therefore be assumed that the L-malic acid-3D formed 
by the fumarase in the P. rulgaris incubation had the configura- 
tion in which the protons on carbons 2 and 3 are gauche to one 
another. To establish the configuration of the L-aspartic acid 3D 
formed by the aspartase reaction, it was converted by a stereo- 
specific route (see “Experimental”) to t-malic acid-3D (Equa- 
tion 2). 

NO 


HNO, tmalie acid-3D (2) 


L-Aspartic acid-3D 


The two samples of t-malic acid were then analyzed as solutions 
in DO in the high resolution nuclear magnetic resonance spectrom- 
eter? after replacing all exchangeable hydrogen atoms with 
deuterium. These malic acids have the formula DOOCCH- 
(D)CH(OD)COOD. They gave ilentical spectra. The 
coupling constant? at 30 megacycles was 6 cycles for both samples 
of t-malic acid-3D. This establishes that the configuration 
of the 2 protons on carbons 2 and 3 of L-aspartic acid-3D is 
the same as the 2 protons on carbons 2 and 3 of t-malic acid-3D, 
i.e. gauche to one another. 

To demonstrate that nuclear magnetic resonance absorption 
of t-malic acid-3D in solution can distinguish between malic 
acids in which the 2 protons on carbons 2 and 3 are in the trans 
and gauche conformation, the isomer of malic acid-3D with 
the protons trans to cach other was prepared. Since it is dif- 
ficult to prepare t-malic acid-3D with the protons trans by 
enzymatic means, L-aspartic acid-3D with the protons gauche 
was converted by stereospecific reactions to p-malic acid-3D. 
This brings the 2 protons on carbons 2 and 3 from the gauche con- 
figuration to the trans configuration. The configuration of the 
2 protons in this p-malic acid-3D is identical with their con- 
figuration in the trans conformation of L-malic acid-3D and would 

? The theory and methods of nuclear magnetic resonance have 
been described in recent review articles (14, 15). 

* The J 4g coupling constant refers to the spin-spin interaction 
of the 2 protons. 
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acid-3D, prepared enzymatically, was converted to L-bromo- 
suceinie acid-3D by the action of nitrosyl bromide. This reac- 
tion is stereospecific and proceeds with complete retention of 
configuration (9) (Equation 3). The t-bromosuccinie acid-3D 
was then converted to D-malic acid-3D in a displacement reac- 


Aspartic 3D t-bromosuceinie acid 3D (3) 
OH- 
Bromosuceinie acid 3D pmalic acid3D (4) 


After replacing all exchangeable hydrogen atoms with deuterium, 
the p-malic acid-3D was analyzed as a solution in DO in the 
high resolution nuclear magnetic resonance spectrometer. The 
spectrum of this malic acid, though similar to those of the two 
t-malice acide-3D, was by no means identical. In particular, 
the Jae coupling constant for the p-malic acid-3D, was 4 cycles 
at 30 megacycles. This demonstrates that nuclear magnetic 
resonance absorption of malic acid-3D in solution can indeed 
distinguish between the trans and gauche configuration of the 
2 protons on carbons 2 and 3. As a consequence of this it is 
now certain that the 2 protons in L-aspartie acid-3D made by 
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the aspartase reaction have the same configuration as the two 
protons in t-malic acid-3D made by the fumarase reaction, 
i.e. gauche, as shown by Farrar, et al. (4). The present finding 
that this t-malic acid-3D has a greater coupling constant (6 
eyeles) than the p-malic acid-3D with the protons in the op- 
posite configuration (4 cycles) also suggests that the protons in 
the t-acid have the gauche configuration. Thus, aspartase 
catalyzes the cis addition of ammonia to fumarie acid to form 


L-aspartic acid. 
SUMMARY 

The aspartase-catalyzed reversible addition of ammonia to 
fumaric acid to form t-aspartic acid has been studied in D,O. 
The aspartic acid formed contained 1 atom of deuterium per 
molecule, indicating that the addition of hydrogen to the 8-carbon 
atom is stereospecific. By means of nuclear magnetic resonance 
absorption it has been demonstrated that the addition of am- 
monia to fumaric acid is a cis addition. 
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alee stereospecific and proceeds with complete inversion of con- f 
figuration (10) (Equation 4). 
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The oxidation of a-glycerophosphate (glycerol-3-P)' by tissue 
preparations was first described by Meyerhof (1). Subsequent 
studies showed that mammalian tissues contained two types of 
glycerol-3-P dehydrogenases; one, characterized as a soluble, di- 
phosphopyridine nucleotide-linked enzyme (2, 3); the other, as a 
structurally bound dehydrogenase, not requiring pyridine nu- 
cleotide but reacting via the cytochrome system to oxygen (4, 
5). 

Parallel to the situation in vertebrate tissues, both glycerol-3-P 
oxidase systems were found in insect flight muscle (6-12). Fur- 
ther, the cytological location of these enzymic activities in flight 
muscle was determined. The DPN requiring dehydrogenase was 
in the sarcoplasm (8), and the cytochrome-linked dehydrogenase 
was in the mitochondria (sarcosomes) (6, 10-12). In contra- 
distinction to their status in mammalian muscle, these enzymes 
were exceptionally active in insect muscle. In fact, recent 
studies have shown that glycerol-3-P was metabolized by insect 
mitochondria at a rate 10 to 100 times greater than that of citric 
acid cycle intermediates (11). The factors influencing this rapid 
oxidation of glycerol-3-P by flight muscle mitochondria are de- 
scribed in this paper. 

EXPERIMENTAL 

Methods—Oxygen uptake was determined polarographically 
using the “oxygen electrode” technique described by Chance 
(13). 

Spectrophotometric studies were carried out with the use of 
either the wave length scanning recording spectrophotometer or 
the dual monochromator instrument as devised and described by 
Chance et al. (14). 

Preparations— Mitochondria were isolated from the flight mus- 
cle of the housefly, Musca domestica, by the method described by 
Sacktor (15, 10) either 0.25 m sucrose containing 0.005 w sodium 
ethylenediaminetetraacetate (Versene, Dow Chemical Co.), pH 
7.4, or simply 0.25 m sucrose as the isolation medium. Saline- 
washed particles, prepared from mitochondria, were obtained in 
the manner reported earlier (12). 

RESULTS 

Activity of Mitochondria Prepared with Sucrose-Versene—Iin 
previous studies it was shown that the rate of glycerol-3-P oxi- 
dation with mitochondria isolated from flight muscle was as 
much as 20-fold that of succinate (11). In these experiments 


The abbreviations used are: glycerol -3-P, a-glycerophosphate ; 
DHAP, dihydroxyacetone phosphate; DPN and DPNH, oxidised 
and reduced forms of diphosphopyridine nucleotide, respectively ; 
Tris, tris(hydroxymethyl )aminomethane. 


the mitochondria were generally isolated in a medium of 0.25 w 
sucrose plus 5 mu Versene, pH 7.4, and respiration was measured 
in an isotonic saline buffer containing 38 mau Na*, 6 mu Mg**, 
96 mu Cl-, 13 mw HPO,-, 3 mu H,PO,”, and 2 per cent bovine 
serum albumin. In a more recent experiment the mitochondria 
were prepared similarly but oxygen uptake was determined in a 
simple medium of either 0.1 « phosphate buffer, pH 7.4, or 0.1 
mu Tris buffer, pH 7.0. In this case, the rate of glycerol-3-P 
metabolism was very much slower and only equal to the rate of 
succinate oxidation. The various constituents of the “complete™ 
reaction medium were then tested to see if they had any influ- 
ence on the rate of glveerol-3-P oxidation and it was found, as 
shown in Fig. 1, that the addition of 5 mu MgCl, caused about 
a 4-fold increase in respiration. Morcover, the addition of a 
similar concentration of MgCl, had no effect on the rate of suc- 
cinate metabolism. This unexpected obervation on the stimu- 
lation of glvcerol-3-P oxidation by MgCl, initiated the series of 
experiments described below. 

Inhibition of Glycerol-3-P Oxidase by Versene— Mitochondria 
were isolated in a medium of 0.25 w sucrose, without Versene, 
and assayed in 0.1 s Trix buffer. In these experiments, the 
rate of glycerol-3-P metabolism was again 10 to 20 times that of 
succinate and turnover numbers and A, values for the eyto- 
chromes were comparable to those reported by Chance and 
Sacktor (11). As shown in Fig. 2, glyecerol-3-P oxidation was al- 
most totally inhibited by the addition of 2 mu Versene. The 
subsequent addition of MgCl, almost completely restored the 
original activity. Other experiments showed that Versene, 
tested similarly, had no effect on succinate metabolism. Thus 
it was evident that one of the factors causing the decrease in the 
rate of glycerol-3-P oxidation (as reported in the previous section) 
was the Versene that was employed in the isolation medium. 

Kinetics of Versene Inhibition—Preliminary experiments in- 
dicated that, when a constant amount of Versene was added to 
preparations containing different concentrations of glycerol-3-P, 
the intensity of inhibition was less at the higher substrate con- 
centrations. These findings were analyzed in greater detail 
and Fig. 3 demonstrates the influence of different Versene con- 
centrations on the rate of oxygen uptake at three levels of 
givcerol-3-P. The results showed that the magnitude of inhibi- 
tion was a function of both Versene and substrate concentrations. 

The competitive nature of the Versene inhibition was indicated 
from a Lineweaver-Burk plot of these data (Fig. 4): The af- 
finity of the enzyme for glycerol-3-P (K,,.) was calculated to be 
about 2m. The dissociation constant of the enzyme inhibitor 
complex was found to be approximately 0.4 me. In order to 
demonstrate more clearly the reversibility of Versene inhibition 
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Fic. 1. The influence of MgCl, on the rate of oxidation of 
giveerol.3-P. Mitochondria (1.65 mg. of protein) isolated in 0.25 
“ sucrose containing 0.005 « Versene, pH 7.0, were added to 0.1 « 
phosphate buffer, pH 7.4, to a final volume of 2.0 ml. Additions 
of glvcerol.3-P and MgCl, are as indicated. Oxygen uptake was 
determined polarographically. A downward deflection of the 
trace indicates a decrease in the oxygen concentration of the reac- 
tion medium. 
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Fic. 2. The inhibition of glycerol.3-P oxidase by Versene and 
its reactivation by MgCl. The reaction vessel contained 0.1 ml. 
of mitochondria (13 mg. of protein) isolated in 0.25 ™ sucrose, 
diluted to 2.0 ml. with 0.1 « Tris buffer of pH 7.0. Additions of 
giveerol.3-P, sodium Versenate, pH 7.0, and MgC}, are a« indicated. 
Oxygen uptake was determined by the “oxygen electrode” tech- 
pique. 


by glycerol-3-P, cveles of rapid respiration and inhibition on suc- 
cessive additions of substrate and inhibitor were recorded. Fig. 
5 illustrates the oxygen uptake obtained with 1.2 mst glycerol- 
+P and the considerable inhibition noted on the addition of 0.5 
mu Versene. A second increment of glycerol-3-P caused the re- 
sumption of rapid respiration, which in turn was decreased by a 
second addition of Versene. As a result of greater substrate con- 
centration in the reaction mixture at this time, the intensity of 
the latter inhibition was considerably lessened, although 5 times 
the previous amount of Versene was used. 

The influence of enzyme concentration on the inhibition by 
Versene at a fixed glycerol-3-P level is shown in Fig. 6. The 
data show that the velocity of the reaction was related to en- 
tyme concentration in the absence, as well as in the presence, of 
different inhibitor concentrations. 

Influence of pil on Glycerol-3-P Oxidase—The effect of pH on 
the rate of glycerol-3-P oxidation ix shown in Fig. 7. The data 
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Fie. 3. The inhibition of glycerol-3-P oxidation by varying 
concentrations of Versene. The reaction vessel contained 0.1 ml. 
of mitochondria (1.0 mg. of protein) isolated in 0.25 « sucrose, 
diluted to 2.0 ml. with 0.1 « Tris buffer of pH 7.0. Oxygen uptake 
was determined as shown in Fig. 2. The influence of varving con- 
centrations of Versene was determined at three different concen- 
trations of glycerol3-P. O-——O = 5 mw» glycerol-3-P; 
@--—@ = 2.5 mms glycerol-3-P; X——X = results employing 1.25 
ms glycerol.3-P. The rates of oxygen uptake are expressed as 
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Fic. 4. The Lineweaver-Burk plot of the inhibition of glycerol- 
3-P oxidase by Versene. The data presented in Fig. 3 is replotted 
permitting an estimate of a K., for glycerol-3-P of 2 mw and the 
determination of K, for Versene equal to 0.4 mt. 


demonstrate that the pH optimum was between 6.5 and 7.0 and 
that this level of activity was over 4-fold that observed at pH 
8.5 (compare these results with those reported earlier by Green 
(4)). 

The influence of pH on the extent of inhibition by Versene was 
also determined. Incorporated in Fig. 7 ix a plot of the rate of 
glveerol-3-P metabolism in the presence of a fined Versene con- 
centration at different levels of pH. These experiments showed 
that when Versene was added the pH optimum shifted from a 
slightly acid range to one more alkaline, about 78. This shift 
occurred since, as is demonstrated by plotting per cent of inhi- 
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Fic. 5. The influence of substrate concentration of Versene in- 
hibition of glycerol-3-P oxidase. The reaction vessel contained 
0.1 ml. of mitochondria (1.0 mg. of protein) diluted to 2.0 ml. with 
0.1 m tris buffer, pH 7.0. Varying concentrations of glycerol-3-P 
and Versene are added as indicated. Oxygen uptake was meas- 
ured polarographically. A downward deflection of the trace rep- 
resents a decrease in the oxygen concentration of the reaction 
medium. 
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Fic. 6. Versene inhibition at two concentrations of mitochon- 
dria. The reaction vessel contained mitochondria diluted to 2 
ml. with 0.1 mu Tris buffer, pH 7. The rate of oxygen uptake was 
determined after the addition of 5 gl. of 0.5 ™ glycerol-3-P and 
varying concentrations of a 0.1 m solution of sodium Versenate, 
pH 7. @-——®@ = rates obtained using 2.3 mg. of mitochondrion 
protein; O——O = results of those experiments in which 1.2 mg. 
of mitochondrion protein were employed. Oxygen uptake was 
determined polarographically with the “oxygen electrode."’ 


bition as a function of pH, Fig. 7, Versene was more effective an 
inhibitor in an acid than in an alkaline medium. 

Locus of Versene Inhibition —Spectroscopic studies were made 
to determine where Versene interrupted the electron transport 
system. Fig. 8 demonstrates the change in steady state reduc- 
tion of cytochrome 6 as measured by the absorption of its Soret 
band at 430 my using 405 my as the reference wave length. As 
shown, the addition of glycerol-3-P to the medium caused a 
partial reduction of cytochrome b. The subsequent addition 
of Versene brought about a change in the steady state of cyto- 
chrome § to a more oxidized form. A return to the further re- 
duced steady state, as was seen initially, occurred with addition 
of Mg**. Finally, the complete reduction of cytochrome b was 
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Fic. 7. The influence of pH on the rate of glycerol-3-P oxida- 
tion and its inhibition by Versene. Mitochondria, isolated ia 
0.25 m sucrose, were diluted in 0.1 « Tris buffer of varying pH to 
2.0 ml. The rate of oxygen uptake at each pH was determined 
polarographically at a fixed concentration of glycerol-3-P (25 
ms) and also in the presence of 1.0 mu Versene. X and @ = 
activity of glycerol-3-P oxidase at each pH in the absence and 
presence of Versene, respectively. O = per cent inhibition at 
each pH. 
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Fic. 8. The effect of sodium Versenate and MgCl, on the steady 
state reduction of evtochrome b. The reaction cuvette contained 
0.1 ml. of mitochondria (1.3 mg. of protein) diluted to 2.0 ml. with 
0.1 « Tris buffer, pH 7.0. Additions of glycerol.3-P, Versene, and 
MgCl, are as indicated. The experiment was carried out using 
the dual monochromator apparatus employing 430 mp as the 
measuring wave length and 405 mg as reference wave length. An 
upward deflection on the trace represents a reduction of cyte- 
chrome 6. Temperature, 25°. 


observed when the system attained anaerobiosis. Similar «pee- 
troscopic results were obtained when changes in the steady state 
reduction of cytochrome ¢ were followed. These results showed 
that the inhibitory action of Versene was not on the cytochromes 
but between substrate and cytochrome b; whether between cyto- 
chrome 6 and flavoprotein or flavoprotein and glycerol-3-P 
not known. 

Of supplemental interest was the rapidity with which Versene 
acted in inhibiting respiration (Fig. 2) and in influencing the 
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steady state reduction of the cytochromes (Fig. 8). No time 
lag was detected. 

Reversal of Versene Inhibition by Metals—In order to ascertain 
whether the reversal of the Versene inhibition was specific for 
Mg**, other cations were tested and a variety of heavy metals 
were found effective. It was observed, however, that the extent 
to which the uninhibited rate was restored by 5 ms concentra- 
tions of these cations was not the same but varied as follows: 
cobalt acetate > lead acetate > ferrous chloride > cupric 
chloride > manganese chloride > calcium chloride > magnesium 
chloride > ferric chloride? On the other hand, further experi- 
ments showed that none of these salts had a marked effect on the 
rapid rate of glycerol-3-P oxidation obtainable in the absence of 
Versene. This finding, coupled with the recognition that the 
effectiveness of each cation in releasing the Versene inhibition 
was approximately correlated to the stability constant of that 
metal-Versene complex, suggests that the heavy metals simply 
complexed with Versene thus rendering the chelating agent un- 
available to the enzyme and, therefore, no longer inhibitory to 
the system. 

Effecta of Other Chelating Compounds—The structural speci- 
ficity of the glycerol-3-P inhibitor which describes the relative 
effectiveness of Versene analogues is shown in Table I. Ethyl- 
enediamine, itself, was not inhibitory nor were related mono- 
and diacetate compounds, N,N’-dihydroxyethy! glycine, 
N-hydroxyethyl iminodiacetate and N ,N’-<dihydroxyethyleth- 
vlenediamine diacetate. Moderate inhibition was obtained with 
the triacetate derivative, N-hydroxyethylethylenediamine triace- 
tate but the monoamine compound, nitrilotriacetate, was not ef- 
fective. Greatest inhibition was noted with compounds having 
the tetraacetate moiety; namely, Versene and cyclohexane-trans- 
The aminodiacetates of cyclohexane, 
trans to each other, were sterically similar to the aminodiacetates 
of Versene. This resemblance was borne out by their comparable 
effect as inhibitors. On the other hand, the two aminodiacetate 
moieties on diethylenetriamine pentaacetate were more distant 
from each other than those on Versene. This greater «paration 
resulted in less inhibition. The pentaacetate was, however, more 
inhibitory than the triacetate. When four hydroxyethyl groups 
were substituted for tetraacetate there was a complete loss of 
effectiveness. 

In an attempt to determine what endogenous metal ion Versene 
was chelating, if indeed a metal ion was at an active site on the 
dehydrogenase, other known chelating compounds were tested. 
Some of these, assayed at concentrations of 2 mu or 4 mM, were 
as follows: o-phenanthroline ; S-hydrovyquinoline ; a .a-dipyridyl; 
biquinoline ; 3, 5-disulfopyrocatechol ; salicylic acid; diphenylthio- 
carbazone; N ,N-hydroxvethy! glycine (Versene Fe-3 specific); 
givevigiveine; histidine; oxalate; and hexametaphoephate. 
None of these had any marked effect on glycerol-3-P oxidation. 

The failure of these chelating agents to influence the rate of 
giveerol-3-P metabolism as well as the observation that Versene 
was more effective in an acid than in an alkaline range mised 
the question as to whether Versene inhibited by virtue of its 
chelating properties or because it formed a quaternary diamine 
which was the inhibitor of the «vstem. The latter alternative 
was largely ruled out by subsequent testing of a variety of quater- 
nary amines and diamines, which included: tetraethylammonium 
bromide; acetylcholine chloride; pentamethylenebis(2-benzohy- 


* The relative order of these metale was complicated by the 
aiverse effect of some on the platinum elect rode. 
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Taste I 
ifcity of the inhibitor of gl oxid 
Compound effective. 
nese 
N,N’-Dihydroxyethyl glycine . | 
N,N’. discetate | 
Nitrilotriacetate. 
N-Hydroxyethylethylenediaminetriacetate . id 
Ethylenediamine tetraacetate... -| +++ 
Cyclohexane-trans-1 
Diethylenetriamine pentaacetate ++ 
Tetrahydroxyethy! ethylenediamine 


Monohydroxyethy! trihydroxypropy! ethylenediamine. 


dryloxvethyldi ) dibromide; pentamethylene- 
bis(triethylammonium) dibromide; decamethylenebis(benzyldi- 
dibromide; N-(2<dimethylaminoethy!)-1- 
phenyleyclopentane carboxamide ; 
enebis-trimethylammonium  diiodide); hexamethylenebis(tri- 
methylammonium dichloride) -MnCl,; bis{(3-dimethvlethylam- 
monium)ethyl}methylamine dibromide; N , N'-bis(2-diethvlami- 
noethyl)oxamide bis(2-chlorobenzy! chloride); 1. 1'-trimethylene 
bis(4-formylpyridinium) dioxime dibromide. These compounds 
also had no inhibitory effect. 

Versene Inhibition with Saline-Washed Particles—Since a num- 
ber of specifie metal chelators did not inhibit glvcerol-3-P oxidase 
it was considered possible that Versene acted solely by affecting 
the permeability or structural integrity of intact mitochondria. 
This possibility was tested in the following manner. Particles 
were prepared by suspending isolated mitochondria in distilled 
water and then washing with saline. This treatment is known 
to Ivse the mitochondria and to remove endogenous evtochrome 
¢ (12). As shown in Fig. 9, there was no appreciable glycerol-3-P 
oxidation until cytochrome ¢ was added. The ensuing rapid up- 
take of oxygen was then stopped by the addition of Versene. As 
before, the inhibition was reversed with MgCl, (cf. Fig. 2). The 
effects of Versene on the rates of succinate and DPNH metabo- 
lism by these particles were also tested. “It was observed that 
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Fia. 9. The inhibition of glveerol.3-P oxidase by Versene with 
the use of saline washed particles (SW,) from flight muscle mite- 
chondria. SW, (0.6 mg. of protein) were diluted to 2.0 ml. with 
0.1 Tris buffer, pH 7.0. Solutions of glycerol.4-P, evtochrome 
c, Versene, and MgCl, are as indicated. Oxygen uptake was de- 
termined polarographically using the “oxygen electrode” tech. 
nique. 
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succinate oxidation was unaffected whereas DPNH oxidation was 
slightly stimulated. These experiments clearly demonstrated 
that the Versene inhibition was not due to a permeability effect 

nor to the disruption of intact mitochondria. 

Effect of DHAP on Glycerol-3-P Ozidase—It was described 
previously that DHAP was stoichiometrically formed in 
the mitochondrial oxidation of glycerol-3-P (16). It was found 
that the addition of 100 mas DHAP had no detectable effect on 
the rate of oxidation of 2.5 ma glycerol-3-P. Other experiments 
showed that DHAP, at the same relative concentration, 
did not change the steady state reduction of the cyto- 
chromes. These studies showed that the mitochondrial oxida- 
tion of glycerol-3-P was in marked contrast with the DPN-de- 
pendent oxidation found in the soluble portion of the cell. The 
equilibrium of the mitochondrial enzyme favored the oxidation 
of glycerol-3-P to DHAP, whereas that of the soluble enzyme 
expedited the reduction of DHAP to glycerol-3-P. The signifi- 
cance of these findings is discussed below. 

DISCUSSION 


The glycerol-3-P which is metabolized by the cell may origi- 
nate either from the metabolism of phospholipides or from the 
diversion of DHAP from the classical Embden-Meyerhof glyco- 
lytic pathway. The latter reaction is mediated by the sol- 
uble glycerol-3-P dehydrogenase and requires DPNH. Now, in 
mammalian muscle glycerol-3-P is not likely to accumulate, for 
most of the DPNH which is formed by glyceraldehyde phosphate 
dehydrogenase may be reoxidized to DPN during the subsequent 
conversion of pyruvate to lactate. In insect flight muscle the 
reoxidation of DPNH by lactic dehydrogenase is minimized 
since there is little if any lactic dehydrogenase (6, 9). On the 
other hand, there is an extremely active glycerol-3-P dehydro- 
genase in the sarcoplasm of the flight muscle (8, 9). With 
DPNH available, DHAP will be reduced to glycerol-3-P. More- 
over, the equilibrium constant of the reaction indicates that a 
considerable amount of glycerol-3-P accumulates (3). The re- 
sultant glycerol-3-P is then oxidized back to DHAP by the active 
mitochondrial glycerol-3-P oxidase studied in this paper. As 
was shown above, the equilibrium of this reaction favors the 
formation of DHAP. The sum of these reactions: 


DHAP + DPNH; = glycerol-3-P + DPN 
(Soluble enzyme) (1) 


givcerol-3-P + DHAP + H#& 
(Mitochondrial enzyme) (2) 


DPNH; + 5 0: DPN + HO (3) 


represents the oxidation of DPNH; by oxygen.’ 

The cyclic nature of this scheme suggests that it represents a 
physiological mechanism whereby reducing equivalents such as 
DPNH, originating in the soluble portion of the cell by sarco- 
plasmic enzymes, are made available to the respiratory chain in 
the mitochondria. That a system to effect this is appropriate is 
evident from the observation that the rate of DPNH oxidation 
by insect mitochondria is comparatively slow (11). In contrast, 
glycerol-3-P is readily accessible to the respiratory chain in mito- 

* The reactions for a similar cycle in locust flight muscle have 
been reported in abstract form by Zebe, et al. (19). 
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chondria and its rate of oxidation is extremely fast. One may 
then visualize the transfer of reducing equivalents from DPNH 
to glycerol-3-P which then, by permeating the mitochondrion 
as glycerol-3-P, become available for oxidation by oxygen. 

The present findings which show that Versene blocks the mito- 
hibition is between substrate and the cytochrome system 
Previous spectroscopic and kinetic experiments have implicated 
a flavoprotein (11, 12). Our data now indicate that a metal 
may somehow be involved, although its function and identifica- 
tion remain obscure. 

The experiments described here are a preliminary effort to 
identify this metal. The possible role of iron is suggested since 
Versene is more effective in an acid than in an alkaline medium. 
However, the failure to inhibit glycerol-3-P oxidation with sev- 
eral highly specific iron chelators makes such an interpretation 
questionable. Alternatively, since these chelators also form 
stable complexes with other heavy metals, their ineffectiveness 
hints that an alkaline earth metal, such as magnesium or cal- 
cium, is involved. It should be noted that the two most potent 
inhibitors, Versene and cyclohexane-trans-1 , 2-diaminetetraace- 
tate, form the most stable complexes with Mg ions (17). On 
the other hand, it appears, as is evident from the data in Table 
I, that we are dealing with an inhibitor which must possess in 
tions. It is of interest that a similar action of Versene is observed 
on the rapid glycerol-3-P oxidase as found in mammalian brain 
mitochondria (18). One is forced to conclude at this time that 
the questions as to the identity of the metal in glycerol-3-P de- 
hydrogenase, as well as the mechanism of the Versene inhibition 
in mitochondria, require further attention. 

Despite such limitations, the present data direct attention to a 
possible new biochemical mechanism regulating the physiological 
activity of flight muscle. Previous results have shown that the 
rate of respiration of the isolated insect mitochondria, in opposi- 
tion to the situation in liver mitochondria, is independent of the 
phosphate acceptor concentration, even though the whole muscle 
shows respiratory control (10, 11). Chance and Sacktor (11) 
have therefore considered the possibility that respiratory control 
in flight muscle may be effected by regulation of the substrate 
concentration. The experiments reported here show that control 
of the glycerol-3-P oxidase activity could also provide a mecha- 
nism for respiratory control. 

It was found that Versene blocked glycerol-3-P oxidase and 
that this inhibition was reversed by divalent cation or additional 
substrate. If in the flight muscle there is an endogenous che- 
lator capable of functioning in a manner analogous to that of 
Versene, then a system for control is apparent. During rest, 
glycerol-3-P oxidase isin an inhibited state and maintenance ac- 
tivity and the low level of respiration is achieved by the Krebs 
tricarboxylic cycle. On the other hand, in flight, the inhibition 
is reversed and this brings about the high respiratory rate char- 
acteristic of the glycerol-3-P cycle. The reversal of such ap in- 
hibited state may result from either the accumulation of substrate 
or by divalent ions, i¢. magnesium, released during nervous stim- 
ulation of the muscle. This hypothesis would also explain. in 
part the anomalous nature of the relationship of stimulation ‘o 
contraction in this type of flight muscle and would, indeed, off-r 
a mechanism for the demonstrated enormous increase in metab- 
olism observed between rest and active flight. 
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SUMMARY 

Flight muscle mitochondria oxidize a-glycerophosphate at an 
exceptionally high rate. The factors influencing this oxidation 
were examined. It was found: 

1. The Michaelis-Menten constant, K.., was about 2 ma. 

2. The pH optimum for a-glycerophosphate oxidase was be- 
tween 6.5 and 7.0. 

3. The addition of product, dihydroxyacetone phosphate, at 
40 times the substrate concentration had no detectable effect on 
the respiratory rate or the steady state of the respiratory chain. 
This indicates that the equilibrium of the reaction mediated by 


erophosphate oxidase of intact mitochondria and saline-washed 
particles derived from these mitochondria. The subsequent 
addition of MgCl, restored the original activity. 
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5. Versene had no effect on succinate oxidation. 

6. Inhibition by Versene was reversed by additional substrate 
and a variety of metal ions. 

7. Versene acted as a competetive inhibitor. The dissociation 
constant of the enzyme inhibitor complex was approximately 
0.4 ms. 

8. The site of Versene inhibition was found to be on the a- 
glycerophosphate dehydrogenase. 

9. Versene was more effective an inhibitor in an acid than in 
an alkaline medium. 

10. The structural specificity of Versene was demonstrated. 

11. Other types of chelating compounds were not effective in- 
hibitors. 

These findings were related to the significance of a-glycero- 
phosphate metabolism. An a-glycerophosphate cycle was de- 
scribed and a hypothesis on the respiratory control in flight 
muscle was outlined. 
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It has previously been reported from this laboratory that 
Aureomycin, in low concentrations, inhibits a cell-free, purified, 
aromatic nitro reductase derived from Aureomycin-sensitive 
Escherichia coli (strain E-26) (1,2). A similar cell-free enzyme 
complex, extracted from Aureomycin-resistant EZ. coli derived 
from strain E-26 by serial passage in the antibiotic, was resistant 
to Aureomycin (3). In both instances, the nitro reductases 
proved to be flavoproteins, the sensitive enzyme containing 
easily dissociated FMN' and presumably Mn, the resistant, 
very firmly bound FMN and probably equally strongly ligated 
metal (4). 

As this report will show, the purified nitro reductases each con- 
tained significant amounts of the total conjugated flavins of the 
sonically disrupted cells. It seemed possible that the flavin 
associated with the nitro reductases represented, indeed, a 
significant portion of the flavin involved in the electron transport 
mechanism of the intact cell. Consequently, it was of interest 
to ascertain whether these preparations could reduce electron 
acceptors other than organic nitro compounds and if so, to deter- 
mine the Aureomycin sensitivity of these reductions. Inhibi- 
tion of the electron transporting mechanisms of the bacterial 
cell could account for the antibiotic activity of Aureomycin. 


EXPERIMENTAL 


Methods and Materials 


Cell-free Extracts—Aureomycin-sensitive and -resistant E. 
coli (E-26) were grown as previously described (1,4). The cells, 
usually in 50 |. cultures, were harvested by centrifugation in 
the Sharples centrifuge, washed once with ice-cold water, and 
stored at —20°. As needed, portions of the collected cells were 
made up to 20 per cent suspension in cold water and subjected 
to sonic oscillation in the Raytheon 10 ke. sonic oscillator for 
30 minutes. The cell debris was centrifuged off at 27,000 «x 
g and the resulting clear supernatant fluid was fractionated with 
solid (NH,),80,. The fraction precipitating between 40 and 
5O per cent saturation was redissolved in cold H,O and dialyzed 
against cold, running tap water in a rocking dialyzer. This 
dialyzed extract was then adjusted to pH 6.0 and treated with 
0.85 ml. of 2 per cent protamine sulfate (Nutritional Biochemicals 
Corporation) per 100 mg. of protein. The supernatant fluid, 
after overnight dialysis, was treated with Cas(PO,), gel, 75 
mg. per 100 mg. of protein and centrifuged, and the precipitate 


The abbreviation used is: FMN, flavin mononucleotide. 


was discarded. In general, a 20- to 30-fold purification of en- 
zyme resulted from these procedures. 


Measurements and Reagents 


Free riboflavin, FMN, and flavin adenine dinucleotide were 
determined in the Coleman wometer, model 12C, 
by the method of Burch ef al. (5). 2,6-Dichlorophenol-indo- 
phenol and ferricvanide reductions were followed in the Beck- 
man model DU spectrophotometer by measuring the decrease 
in absorption at 600 and 420 my, respectively. Cytochrome ¢ 
reduction was measured by following the increase in absorption 
at 550 my. Anaerobic experiments were performed in the 
Lazarow-Cooperstein cuvettes (6) after flushing with Seaford 
nitrogen freed of oxygen by passage over copper filings heated 
to 300°. A black cloth was used to shield the cuvettes and 
photocell from stray light. 

DPNH, FMN, and flavin adenine dinucleotide (90 per cent) 
and crystalline cytochrome ¢ were products of the Sigma Chemi- 
cal Company, St. Louis. Aureomycin-HC! and tetracyeline- 
HC] were generously donated by Lederle Laboratories, and 
Terramycin-HCl was a gift of Chas. Pfizer and Company, Ine. 


Flavin Content of Purified Extracte—It had been noted pre- 
viously (4) that the flavin content per mg. of protein increased 
as the extracts were purified. Further investigation has revealed 
that 20-fold purified extracts of sensitive celle contained ap- 
proximately 7 per cent of the total flavin present in crude ex- 
tracts, whereas similarly purified preparations derived from 
resistant cells contained 30 to 50 per cent of the total flavin. 
It seemed possible that these flavin contents represented signif- 
icant portions of the flavin associated with the electron-trans 
porting mechanisms of the cells. Accordingly, it was of interest 
to determine whether electron acceptors other than aromatic 
nitro compounds could be reduced by the preparations. 

Reduction of 2,6-dichlorophenol-indophenol by E rtracts—Table 
I shows that aerobically, the dye 2, 6-dichlorophenol-indophenol 
is reduced rapidly by preparations derived from sensitive cells 
aml further that Aurromycin at concentrations of 0.5, 1.4, 
5.0, and 10.0 yg. per ml. inhibited this reduction by 36, 50, SO, 
and SS per cent, respectively. Similar results were obtained 
anaerobically in the Lazarow-Cooperstein cuvettes, On the 
other hand, the reduction mediated by the resistant extract 
required concentrations of 10, 20, 50, and 100 wg. per mi. te 
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In anaerobic experiments with sensitive extracts, exogenously 
added FMN (1.3 X 10-* m) was first reduced and after complete 
reduction had occurred, the dye was added from the sidearm. 
An immediate reoxidation of the flavin occurred with the con- 
comitant formation of the leuko dye. In this system Aureomy- 
cin inhibited the enzymatic reoxidation of the reduced flavin by 
the oxidized dye. 

Reduction of Ferricyanide by Extracte—Table | shows that the 
purified extract derived from the sensitive cell is able to reduce 
rapidly ferricyanide, a 1 electron acceptor. Concentrations of 
Aureomycin of 0.5, 1.5, 5.0, and 10.0 yg. per ml. inhibited the 
reduction 17, 58, 65, and 79 per cent, respectively. 

A similar reduction is catalyzed by extracts derived from re- 
sistant cells, but unlike the results obtained with the 2-electron 
acceptors, the reduction is as sensitive to the antibiotic as that 
observed in extracts of sensitive cells. 

That the reduction of 1|-electron acceptors and the sensitivity 
of their reduction to Aureomycin are different from those noted 
of 2-electron acceptors is further demonstrated by the observa- 
tion that the reduction of cytochrome c is catalyzed by both 
sensitive and resistant extracts and that in each case the rate 
of this reduction is stimulated up to 40 per cent by the addition 
of usual concentrations of the antibiotic. 

It may be noted that concentrations of Terramycin and 
tetracycline 100-fold higher than the concentration of Aureomy- 
cin were required to inhibit phenol-indophenol and ferricvanide 
reduction in Aureomycin-sensitive strains. In addition, there 
was no evidence of cross resistance since similar concentrations 
of Terramycin and tetracycline were required to inhibit phenol- 
indophenol reduction whether mediated by Aureomycin-sensitive 
or -resistant extracts. 

Aureomycin-Resistant Fraction from Sensitive Extract—Puri- 
fication of the sensitive extract in the usual manner has on oc- 
casion given rise to a fraction which has been almost totally 
resistant to inhibition by Aureomycin of 2,6-dichlorophenol- 
indophenol reduction. This resistance has been manifest even 
in crude extracts. Further treatment of the extract by negative 
phosphate gel absorption, however, almost invariably gave 
rixe to a fraction which was sensitive to the antibiotic. In no 
case has it been possible to show sensitivity in any fraction de- 
rived from the Aureomvcin-resistant organisms. 

As indicated below, these findings may be related to the fact 
that Aureomycin is bacteriostatic rather than bactericidal. 


The observations that extracts derived from both Aureomycin- 
sensitive and -resistant celle are able to reduce 2,6-dichloro- 
phenol-indophenol (and, as shown previously, aromatic nitro 
compounds) and that the former enzyme preparation is markedly 
sensitive to the antibiotic whereas the latter is strongly resistant 
suggest that Aureomycin may possibly exert its antibiotic ac- 
tivity by virtue of inhibiting certain clectron transport mecha- 
nisms in sensitive celle. Conceivably, thie inhibition could 
derange the major energy mechaniems of the cell. The fact 
that both sensitive and resistant purified extracts carry with 
them significant amounts of the entire conjugated flavin of the 
cell may be regarded as presumptive indication that the extracts 
represent, indeed, portions of the electron transport mechanism 
of the cell. Evidence is at hand that beth the loosely dissociated 
flavin of the sensitive extract and the firmly bound flavin of 
the resistant one actively participate in the transfer of electrons 
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Taste I 

Inhibition of electron transport in Escherichia coli by Aureomycin 

The conditions for experiments with the extract derived from 
Aureomycin-sensitive cells were the following. The cuvettes 
contained, in a total volume of 3.0 ml., Aureomycin at indicated 
concentrations, 5 X 10-* « phosphate buffer at pH 7.5, and extract 
at 5.5 yg. perml. The conditions were aerobic, and the time was 
7 minutes. The experimental conditions with the extracts de- 
rived from resistant cells were similar to those derived from sensi- 
tive cells except that in the former case 0.54 yg. of enzyme per ml. 
was added. with 2,6-dichlorophenol-indophenol 
had DPNH at 6.7 < 10° « and the dye at 1 X 10°* mu; those with 
potassium ferricyanide had both DPNH and ferricyanide at 1.7 < 
10-* «. In all cases the electron acceptor was completely reduced 
in the absence of Aureomycin. 


Sensitive extract Resistant extract 
of 
indophenol 
wg /mi. Set %? 
0.5 36 17 | 36 
1.5 538 5S 72 
5.0 sO | 65 | 75 
10.0 SS | 79 38 86 
20.0 64 
30.0 74 
100.0 
* Electron acceptors. 
¢ Inhibition of reduction. 


to phenol-indophenol and ferricyanide. It should be noted, 
however, that the reductions of all 2-electron acceptors are 
not equally sensitive to Aureomycin. The reduction by either 
sensitive or resistant extracts of exogenously added FMN is 
not inhibited by the antibiotic. 

The observations that the degree of inhibition by Aureomycin 
of the enzymatic reduction of 2-electron acceptors such as aro- 
matic nitro compounds and phenol-indophenol follows the sen- 
sitivity or resistance of the cell from which the extract is prepared 
and that no such parallelism exists in the inhibition of the reduc- 
tion of l-electron acceptors such as ferricyanide are not neces- 
sarily incompatible with the thesis that Aureomycin is anti- 
biotically active by virtue of inhibiting electron transport in 
sensitive cells. There is no @ priori reason to assume that all 
or even closely related enzymes in a cell will be altered as a re- 
sistant cell line develops from an initially sensitive one. It 
would appear that whatever is the ultimate mechanism of the 
development of resistance to Aureomycin, the enzyme complexes 
involved in the reduction of l-electron acceptors such as ferri- 
cyanide and cytochrome ¢ are not of crucial importance to this 
development. 

The finding that the phenol-indophenol reductase derived from 
the sensitive cell can be separated ints two similar fractions, one 
of which is sensitive to Aureomycin and the other, resistant, is 
in keeping with the often observed fact that Aureomycin is 
bacteriostatic rather than bactericidal. Presumably the sensi- 
tive cell has an alternate pathway for an otherwise inhibited 
reaction and thus can partially bypass the locus of antibiotic 
activity. It has not been possible to secure consistently repro- 
ducible fractionations which would indicate relative amounts 
of the two types of enzymes derived from the sensitive cell. 
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Apparently errors inherent in the fractionation procedure give 
different quantitative results. It is of significance that the 
enzyme derived from the resistant cell does not resolve into 
two components with differing sensitivities to the antibiotic. 

It would obviously be of interest to know the natural electron 
acceptors bevond reduced flavin in E. coli, since, evidently, 
aromatic nitro compounds, phenol-indophenol, ferricyanide, 
and cytochrome c (in this organism) are all nonbiological ac- 
ceptors. Conceivably there are biological counterparts within 
the cell for which phenol-indophenol and nitro reductions serve 
as models. 

SUMMARY 


Purified extracts derived from Aureomycin-sensitive Ee- 
cherichia coli (strain E-26) and its resistant variant reduce 
2,6-dichlorophenol-indophenol and ferricyanide. It has been 


Basis of Resistance to Aurcomycin. I1 


Vol. 233, No. 4 


established that the cell-free phenol-indophenol reductase de- 
rived from the sensitive strain is inhibited by low concentrations 
of Aureomycin whereas that derived from the resistant strain 
is resistant to the antibiotic. No such parallelism exists in 
the case of ferricyanide reduction; both reductions are equally 
sensitive to Aureomycin. On the basis of these findings it ix 
postulated that Aureomycin exerts its antibiotic effects by virtue 
of inhibiting electron transport in sensitive organisms. It ha« 
been determined that the locus of Aureomyecin inhibition in 
2-electron transport is at the stage of reoxidation of reduced, 
conjugated flavoproteins. 

It has been possible to demonstrate that sensitive phenol- 
indophenol reductase can be further fractionated into sensitive 
and resistant components. The relationship of this finding to 
the bacteriostatic activity of the antibiotic is discussed. 
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